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Abstract

The rapid detection of microorganisms in the food, pharmaceutical, clinical medicine,
environmental and agricultural industries is of the utmost importance. Unfortunately,

the best current technology has been able to offer is detection times of several days f
quantitative results. The development of conducting polymer films has led to an
increase in research activity involving the use of these materials for the design and
application of sensors. Their ability to undergo electrochemical switching between
oxidised and reduced states, which is correlated with the movement of anions and
cations, has seen conducting polymers successfully used to produce electrochemical

responses for particular species of interest. Conducting polymers can also be used as a
matrix for the immobilisation of biological components such as enzymes, proteins or
antibodies. The immobilisation of these components adds specificity to the sensors. It

the combination of a biological component, immobilised onto a suitable transducer, that
is the basis of the expanding field of biosensor research.

Recent successes in biosensor research have resulted in reduced detection times of the
order of minutes or hours. The main disadvantage of these techniques however, has
been the inability to successfully detect small viable numbers (<104 microorganisms/ml
(mo/ml) in these short periods of time.

The focus of this work was the development of a technique suitable for the rapid and

quantitative detection of a particular microorganism, Listeria monocytogenes. Chapter 3
investigated the incorporation of an antibody into a conducting polymer matrix. A
comparison of various immobilisation techniques including physical entrapment, co-
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immobilisation and covalent attachment of the biological component was undertaken. It
was found that the covalent attachment method provided films with more
reproducibility and sensitivity compared to those prepared by the other methods.

In Chapter 4, an investigation into signal generation is described. Conventional
electrochemistry and the comparison of two different resistometric methods were

investigated. It has been suggested that resistance measurements offer greater sensit
than amperometric or potentiometric detection methods, however this was found not to

be true in this instance. A lack of reproducibility and a high detection limit was the

limiting factor in this work, so an alternative signal generation method was considere
Conventional mediators were trialled to enhance the bioelectrochemical transfer of
electrons from the microorganism to the transducer. This latter part of this chapter

investigates the ability of ferricyanide, toluidine blue, uniblue and two anthraquinon
to mediate the microorganism-electrode interaction. Toluidine blue was the only

mediator tested where significant changes upon the addition of Listeria were observed

These changes were not proportional to concentration, making this technique non-ideal.

In Chapter 5, a successful approach to the mediation of the bioelectrochemical proces
is described. This research has shown a water-soluble conducting polymer (polymethoxyaniline sulfonate (PMAS)) to be successful in mediating the electron transfer
from a microorganism (Listeria monocytogenes) to a glassy carbon substrate. Graphical
representation of the change in current, at a potential of +0.8V, observed after the
addition of the Listeria, showed a linear relationship between peak current and

microorganism concentration. The detection limit of this technique has been determine
to be between lOmo/ml and lOOmo/ml and a detection time in the order of a few
minutes (<15mins).
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The changes recorded in the electrochemistry can also be observed using UV-vis

spectroscopy. Addition of the microorganism to the parent polymer results in changes
absorbance being observed. Fractionating the polymer into eight separate molecular
weight fractions between 1700 and 21000amu gave spectra with different absorbance
values resulting from the addition of the Listeria to each individual fraction.

The uniqueness of the PMAS response has been confirmed by studies using another
water-soluble conducting polymer, poly-pyrrole butane sulfonate. This water soluble
polypyrrole showed no responses to the addition of the microorganisms using either
electrochemistry or spectroscopy. It is suggested that the high sensitivity of this
technique can be attributed to the unique nature of the PMAS. It is the interaction
the microorganism and the conveyance of the electron processes along the polymer
backbone that allows small viable numbers to be reproducibly detected.
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recorded in 0.15MNaNO3. 0.5MPyrrole, lOOppm alis, 2.5mg/ml dextran sulfate,
1.OmA/cm2 current density and lOmin growth time. £> = -1.0V and scan rate =
WOmV/s.

Figure 4.8
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Cyclic voltammogram of the PPy/pTS/PMCPyFab'
0.15MNaNO3.

0.025Mpyrrole, O.lMMCPy,

modified glassy carbon electrode in

O.lMpTSin acetonitrile, l.OmAJcm2

current density and lOmin growth time. Ej = -1.0V and scan rate = lOOmV/s.
Figure 4.9

Cyclic voltammogram of a PPy/PPyCOAHFab'
0.15MNaNO3

modified glassy carbon electrode in

when exposed to a concentration of lxlO3mo/ml Listeria. 0.025M

pyrrole, O.lMMCPy,

O.lMpTS in acetonitrile, 1.OmA/cm2 current density and lOmin

growth time. E, = -1.0Vand scan rate = lOOmV/s
Figure 4.10
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Cyclic massogram of: a) a PPy.aLis modified QCM
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crystal in 0.15MNaNO3;

b) after a 10

min incubation in the Listeria andc) lhr after incubation. 0.5Mpyrrole, lOOppm alis,
l.OmAJcm2 current density and lOmin growth time. E, = -1.0V and scan rate = 25mV/sJ32
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Cyclic resistogram of a PPy-aLisfilmin 0.15MNaNO3.

0.5M pyrrole, lOOppm alis,

l.OmAJcm2 current density and lOmin growth time. Ej = 0.4V and scan rate = 25mV/s._134
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Cyclic resistogram recorded after the incubation of the PPy-aLisfilmin lxl09 mo/ml
Listeria for 25 mins. 0.5Mpyrrole, lOOppm alis, 1. OmA/cm2 current density and lOmin
growth time. Et = 0.4V and scan rate = 25mV/s.
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Schematic of the interdigitated microelectrode array used for the IRL resistance
experiments showing four arrays each of four electrodes.
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Typical output recorded during the deposition of a PPy-aLisfilmonto the
microelectrode array. The monomer solution contained: pyrrole (0.5M), alis (lOOppm)
and Milli-Q water. Of note is the output observed for the resistance change (b), where
there is a change in gain. At point 2 marked on the recorded output, the gain is at 10k
Q, whereas at point 3, the gain has been switched to lkO... Thefinalresistance of the
polymer in this instance is 200 Q.
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Digital photograph taken through an optical microscope of a PPy-aLis polymer coated
array polymerised using the pulsed potential method.
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Stationary cell responses obtainedfor a PPy/aHSA polymer coated on the quad array,
showing at point: 1) background resistance in 0.15MNaNO3

and 2) the addition of

2000ppm HSA. Polymer grown using pulse potential technique. 0.5M pyrrole, lOOppm
aHSA, 5OmMNaN03,.Pulse

height 700mV.
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Figure 4.17

Schematic of the flow cell built in-house, used to contain the microelectrode array.
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Figure 4.18

Typical resistance response to the addition of2000ppm HSA to the flow cell containing
the PPy/aHSA polymer. Polymer grown using pulse potential technique. 0.5Mpyrrole,
lOOppm aHSA, 50mMNaNO3,pulse
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height 700mV.
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Cyclic voltammogram ofO. 01M ferricyanide in 0.15M NaN03

at a bare glassy carbon

electrode. Scan rate = WOmV/s.
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Structure of Uniblue.
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Cyclic voltammogram of 0.01 M Uniblue in 0.15MNaNO3
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electrode. Ej = -1.0Vand scan rate = lOOmV/s.
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Cyclic voltammograms at a bare glassy carbon electrode of: a) 1x10s mo/ml Listeria in
0.15MNaNO3
1.05xlO4Mand
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and then in concentrations of Uniblue of: b) 5xlO'6M; c) 4.5xlff5M; d)
e) 2.05xlO4M. E{ = -1.0Vand scan rate = 25mV/s.
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Cyclic voltammograms showing the: a) response obtainedfor a 0.01M Uniblue
solution and b) the response obtained upon the addition of 1x10 mo/ml Listeria. E{ = 1 .OV and scan rate = 25mV/s.
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Structure of anthraquinone — 2 — sulfonic acid, sodium salt
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Cyclic voltammogram of500ppm anthraquinone - 2 - sulfonic acid, sodium salt in
0.15MNaN03,

at a bare glassy carbon electrode. Et = -1.OV and scan rate WOmV/s.
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Figure 4.26

Structure of anthraquinone - 2,6 - disulfonic acid, disodium salt
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Figure 4.27

Cyclic voltammogram of anthraquinone - 2,6 - disulfonic acid, disodium salt, at a
bare glassy carbon electrode. Ej = -1.0Vand scan rate lOOmV/s.
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Overlaid cyclic voltammograms of anthraquinone, and the additions oflxlO7, 1x10
and 1x10 mo/ml Listeria. E; = -1.0Vand scan rate lOOmV/s.
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Structure of Toluidine Blue.
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a) Cyclic voltammogram and b) differential pulse voltammogram
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O.Olmg/ml Toluidine Blue in 0.15MNaNO3.

of a solution of

Ej = -1.0V and scan rates were lOOmV/s

and 20mV/s respectively.
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Overlaid voltammetric response of a O.Olmg/ml Toluidine Blue solution, at a glassy
carbon electrode recorded at scan rates of 25, 50, 100 and 200mV/s. Ej = -1.0V.
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Figure 4.32

Plot of peak currents from Figure 4.31 versus scan rate.
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Figure 4.33

Overlaid cyclic voltammograms showing the effect of increasing the concentration of
Toluidine Blue at a bare glassy carbon electrode. Concentration ofTB; 0.01 — 0.15
mg/ml TB in 0.15 MNaN03.
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CV and DPV showing the change in peak potential obtained after the addition of lxl O7
mo/ml Listeria. Scan Rates are lOOmV/s and 20mV/s respectively.
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Cyclic voltammogram and differential pulse voltammogram showing the change in
response obtained upon the increasing addition ofListeria in the range of 1x10 to
IxlO7 mo/ml. Ej = -1.0Vand scan rates are 100 and 20mV/s respectively.
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Response obtained from the continual cycling of a bare glassy carbon electrode in a
O.lmg/ml solution of Toluidine Blue/0.15MNaN03.
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E, =-1.0Vand scan rate WOmV/s.
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Cyclic voltammograms showing the response obtainedfrom the deposition of Toluidine
Blue on a glassy carbon electrode in supporting electrolyte. Ef = -1.0V and scan rate =
WOmV/s.
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(a) Cyclic voltammetric and (b) differential pulse voltammetric responses obtained for
the addition of lxl 06 mo/ml E-coli, Salmonella and Listeria to a TB/N03 electrolyte
solution. Ei = -l.OVand scan rates are 100 and 20mV/s respectively.
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Cyclic voltammogram (a) and differential pulse voltammogram (b) of a PPy-pTSPMCPyFab'PME

in O.Olmg/ml TB. E, = -l.OVand scan rates are WOmV/s

and

20mV/s respectively.
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Cyclic voltammogram showing the 1st three scans recorded after the incubation of the
PPy-pTS-PMCPyFab'

electrode in lxlO6 mo/ml live Listeria for 30min. E, = -l.OVand

scan rate = lOOmV/s.
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in pH. Scan rate 20m V/s.
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Schematic showing the interconversions between the different forms ofpolyaniline. Of
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Figure 5.7
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solution at a scan rate of WOmV/s.
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Overlaid results of the DPV'sfor the addition of 1x10° to lxlO8 mo/ml Listeria. Scan
Rate20mV/s.
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210

solution, showing the n-n*

transition at 330nm.

211

Figure 5.21

The UV-vis spectrum of addition of lxl 06 Listeria mo/ml.

Figure 5.22

The UV-vis spectrum of KG, prior and subsequent to the addition of the Listeria to a

211

final concentration oflxlO6 mo/ml.
Figure 5.23

UV-vis spectrum of the serial addition of 1, 2, 3, 4 and 5 x 106 mo/ml Listeria to a
0.01% PMAS/KCl

Figure 5.24

212

solution.

213
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1.1 Importance of Microbial Detection

Microorganisms have long been identified as a cause of a range of serious human
diseases.1 Recent outbreaks of food poisoning2'3'4 and potable water contamination5
have highlighted this problem to a larger worldwide audience. The rapid detection of

microorganisms is therefore of the utmost importance to not only the food industry, bu

also to the environmental, clinical medicine and pharmaceutical industries. There is a
need for a device that can produce a rapid, accurate, real-time analysis that is both

sensitive and selective, yet manufactured and operated at a low cost. This need has le

to considerable research and progress in recent years in the development of biosensors
for microbial detection.

Certain harmful microorganisms warrant special attention. Listeria, which can lead to
the human disease listeriosis, and Salmonella are responsible for outbreaks of food

poisoning due to microbial contamination. Listeria is pathogenic for man (fatality ra
have been estimated to be between 20-40% of Listeriosis cases6) and a large number of
animal species. The occurrence of infections in man is sporadic, yet increasing to
include food borne epidemics.7 The first documented food borne outbreak of human
listeriosis was in 1980 in Nova Scotia, Canada, where 18 deaths resulted from 41
reported cases.8 In 1985, a large outbreak occurred in Los Angeles, USA, where 48 out
of 142 sufferers died.9

Although reports have shown Listeria to be carried intestinally by up to 70-92% of the
population,10'11 exposure, consumption and carriage does not necessarily lead to the

development of disease. The groups primarily at risk include the immunosuppressed (eg.
AIDS), the elderly, pregnant women or those with underlying diseases such as
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malignancy, or alcoholism.

The disease listeriosis most commonly effects the central

nervous system, blood stream or pregnant uterus. Mild cases lead to diarrhoea and

vomiting (food borne illness), while more serious incidences can lead to problems su
as meningitis, septicaemia (in the elderly or immunosuppressed) or stillbirths in
pregnant women.13

1.2 Historical Methods of Detection

Methods developed for the detection of Listeria (microorganisms in general) have bee

many and varied. The most common techniques employed in testing laboratories include
plate counts, direct counts and immunoassays (radio and enzyme linked), which are
described below.

1.2.1 Conventional methods of detection

Historically the most common method for microbial detection has been the plate

count,14 which is still in frequent use today. This method involves the serial diluti

the sample, distribution (smearing) onto agar plates, followed by overnight incubati
optimal growth temperatures. Colony counts are then made and multiplied by the
dilution factor to extrapolate an amount per millilitre for the original solution.
Fluorescent dyes have also been used in the direct count of bacteria.

Immunoassays have been used for many years in the food and clinical industries.

Immunoassay techniques are based on the ability of antibodies to form complexes with
the corresponding antigens.
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...(D

If a label is covalently attached to the antibody in a w a y so as not to interfere with the
reaction site, an unknown amount of targeted antigen can be determined.

Ag + Ab* ^ y Ag-Ab*
.(2)

Berson and Yalow.17 introduced the use of radioisotopes in immunoassays in 1959,

however with the emergence of the disadvantages associated with using radioisotopes,
the use of non-radiolabelled techniques increased. Enzyme-linked immunosorbent
assays18 (ELISA's) and fluorescent and chemiluminescent assays are some of the more
common methods used today. 19'20 The main disadvantage of all these methods is the
long incubation period required (usually between 24-72hr) to allow detection within
linear range of these methods (106-109 mo/ml).

Nephelometry21 and turbidimetry22 are two other conventional methods, however these
have not found wide use in laboratories as the techniques are unable to distinguish
between viable and non-viable cells and are prone to interference problems.

1.2.2 Electrochemical methods of detecting microorganisms

B y comparison, the advantages of electrochemical detection methods, such as low cost,
portability and ease of use, have initiated research for a simplified method for

determining cell concentration. In 1974, Wilkins et al reported a method for microbi
sensing based on detecting molecular hydrogen.24 The simple system measured a change
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in potential between a platinum working electrode and a saturated calomel reference

electrode placed in the cell culture. A linear relationship could be established be
the inoculum size and the lag period until the hydrogen was detected. Through the

detection of various members of the Enterobacteriaceae genus, including E-coli, it w

found that the lag times ranged from lhr for 106 mo/ml to 7hr for 10° mo/ml. For eac

10-fold decrease in inoculum, the length of the lag time increased 60-70min. Holland
al (1980) further developed this method for use in monitoring cell growth in blood
samples by employing stainless steel working electrodes.25 Although his electronic

detection system (EDS) was accurate in determining positive results, these took more
than 20hr to obtain.

Matsunaga et al26 hypothesized that detection methods such as those described above

determined cell numbers indirectly from bacterial metabolites and therefore the res

obtained were not correlated with true cell numbers. Matsunaga et al in 1979 and 198
reported the use of a non-mediated fuel cell for detection of microorganisms. This
involved the use of two fuel cells with only the anode of each in contact with the
analyte.26 A small linear concentration range (3xl07 to 4xl08mo/ml) was the limiting
factor in this work. Subsequently Matsunaga and Namba reported the use of cyclic
voltammetry for the detection of a yeast and a bacteria. It was found that the

voltammetric method was also successful in differentiating between gram-positive and
gram-negative bacteria. The major disadvantages associated with the use of

electrochemical methods still remained; the inability to detect small viable numbers
(<104 mo/ml) and the length of time required for detection.

Chapter 1 — General Introduction

5

1.2.3 Recent advancements in detection

Recent advancements in technology have introduced techniques that overcome some of
the problems associated with conventional methods of the past. These techniques have
been developed to detect changes in mass28, conductance29'30 or fluorescence.31'32

Recent reports have demonstrated the use of quartz crystal microbalances (measuring a
change in mass) for detection of microorganisms.33'34 In 1989 Muramatsu et al reported

the use of piezoelectric crystals for the detection of E-coli?5 Correlating the freque

shift to concentration, Muramatsu et al were able to detect in the range of lxl06 to 10
mo/ml. By introducing polystyrene microbeads coated with E-coli antibodies, this limit
was lowered to lxl 05 mo/ml. The reason for this is that the addition of the beads

resulted in a crude amplification system that increased the resonant frequency shift of
the crystal allowing a lower concentration to be detected.

In 1994, He et al used a separated electrode piezoelectric crystal sensor to determine
coli concentration. The method was based on the fact that the frequency shifts with
increasing culture time in E-coli culture medium. This frequency detection time is
linearly related to the initial number of E-coli over the range of 10 to 106 mo/ml.

Other researchers have also employed piezoelectric technology to detect a range of
microorganisms. ' Included in this list is Bao et al, who reported the detection of
Staphylococcus epidermidis in the range of lxl02 to lxlO7 mo/ml. Ye et af° increased
specificity in their work by immobilising antibodies to the crystal surface for the
detection of Salmonella typhimurium.
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Jacobs et al (1994) reported the use of a piezoelectric sensor for the determination of

Listeria. This work also utilised antibody coated crystals to increase specificity. T
detection limit obtained was lxl 05 mo/ml.

Bulk acoustic wave (BAW) impedance sensors have also met with some success in
determining the concentration of microorganisms. Deng et at1 (1996) reported the
detection of Proteus vulgaris in the concentration range of 3.4xl02 to 6.7xl06 mo/ml.
When used in solution, the frequency response of the BAW-impedance device is

dependant on the solution conductivity. The method relies on the fact that bacteria c
transform uncharged or weakly charged substrates into highly charged end products,
causing a change in conductance of the medium. The major disadvantage of
piezoelectric methods is that discrimination between viable and non-viable
microorganisms and other suspended solids is not possible.

In 1991 Powell42 reported the commercialisation of a microbial detector from Maltus
Instruments, which employed conductance as the detection mechanism. The principle of

this method is that the capacitance and conductivity of the microbial culture changes

with rising microbial concentration. Therefore, the higher the microbial concentrati

the shorter the time needed for detection. Total viable counts can be made directly w

this instrument, taking almost 15hr to detect 5x102 mo/ml. Selectivity can be obtained

by using a selective growth medium for a specific microorganism. Positive results can

be obtained for Salmonella in 8-10hr, however the limitation of this technique is tha
takes 48hr to obtain a negative result.

Increasingly, results are being reported using optical technology as the basis for
detecting microorganisms, using mechanisms such as fluorescence.43'44'45 In 1997, Zhou
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et al reported the use of a fiber-optic immunosensor for the detection of Salmonella
using evanescent wave excitation.46 This system could detect Salmonella as low as
lxl04 mo/ml.

The comparative success of the alternative detection methods described above has led to
the commercialisation of a relatively small number of techniques. The cost and high
skill level required by the technician undertaking these experiments are the prevailing
reasons for limited exposure.47

These constraints have lead to the exponential growth for the emerging field of

biosensor research over the last decade. The research has aimed to create a sensor that i
inexpensive, user friendly, sufficiently sensitive and selective and rapid, whilst
remaining comparatively small in size. These are the requisite criteria that have been
identified for biosensors if they are to compete with existing technology on a large
scale.48

There are various main fields of research, with chemosensor, optical, and
electrochemical biosensors being the most commonly investigated. Although the other
fields of biosensor research are large and important, this study has concentrated on the
development of conducting polymer based biosensors and the following discussion
reflects this.

1.3 What is a Biosensor?

'Biosensor' is a term used to describe a device that responds selectively to analytes i
appropriate sample and converts their concentration into an electrical signal via a
combination of a biological recognition system and a suitable transducer.49 Enzymes,
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antibodies, antigens, nucleic acids, receptors, cells and cofactors have all been
investigated as the biological recognition component. The four major transduction
mechanisms employed can be divided into four modes: electrochemical, optical, mass

and thermal. By far the most common types of transducer reported in the literature ha
been electrochemical based designs.50 Figure 1.1 shows schematically the different
components of a biosensor.

Biosensor

L

Anal) te/Sam pie

Figure 1.1

isducer

Electronics/Output

Schematic showing the various components of a typical biosensor.

1.4 T y p e s of Biosensors

Biosensors are generally divided into two types that differ in their m o d e of signal

generation. The first basic sensor type is the enzymatic/metabolic biosensor. In this
instance, recognition of the substrate by the biocomponent is followed by chemical
conversion to a corresponding product, which is detected by the sensor. The second
sensor type is the direct bioaffinity sensor (or immunosensor), that utilises a binding
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event to detect an analyte. The binding of the targeted analyte to the biocomponent
results in changes in the immobilisation medium.51

In 1962, Clark and Lyons reported the first biosensor using enzyme containing
membranes to transform urea or glucose into a product that was detectable with a pH or
oxygen electrode (1st generation biosensors). In 1967 Updike and Hicks53 prepared an
oxygen electrode by polymerising a gel containing glucose oxidase onto an oxygen
electrode (2n generation electrodes). Since then, interest in biosensors has grown
substantially including enzyme and immunosensors (antibody-antigen interactions).
Enzyme sensors employ the unique catalytic properties of enzymes to convert the

analyte of interest into one or more detectable species (C_, CC_, NH3, and pH changes).
The literature shows the use of enzymes to be the most commonly used sensing
biocomponent, with glucose sensors dominating the field.55

The main aim of enzyme-based sensor research is to utilise the high specificity and hig
sensitivity that typifies an enzyme-substrate interaction as the basis for detection.56
simplest and hence most commonly employed enzyme sensors are those where catalysis
involves the gain or loss of protons or other ions that can be measured using
potentiometric methods. The most widely developed potentiometric biosensors are
enzyme electrodes, where an enzyme is immobilised over an ion-selective electrode for
the determination of clinically important substances such as glucose, lactose, urea,
amino acids and pesticides.57'58'59

The second most common approach to enzyme biosensors can be categorised as
amperometric sensors, where electron transfer from an enzyme, enzyme substrate or
product to an electrode substrate is monitored.60 Amperometric techniques offer a wider
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scope of applications than potentiometric techniques and give a current response which
is linearly dependent on analyte concentration.61

Immunosensor research, on the other hand, attempts to develop more simple antibodybased diagnostic tests which combine the specificity and sensitivity of laboratory

immunoassays, yet offer greater versatility throughout the development of biosensors.62
Direct immunosensors are sensors for which signal generation is carried out by direct
detection and measurement of the binding of an analyte (antigen) to an immobilised
antibody. Similar to enzyme biosensors, various transduction methods have been
employed in the development of immunosensors. These include electrochemical,
optical, piezoelectric, thermal and various FET (Field Effect Transistor) systems.64

1.5 Conducting Polymer Based Sensors

Conducting polymers are ideal candidates for use as the transducer component in
biosensors. Their inherent nature makes conducting polymers ideal matrices for
immobilisation of the biological component of interest, and at the same time, enables

direct or mediated signal generation. It has been suggested that conducting polymers c

play a highly varied role in the biosensor device, whether that role is active or pass
When active it may serve as a catalytic layer, as a redox mediator, a resistor, or it

provide for molecular recognition and/or pre-concentration of the analyte. In a passiv
role it would only serve as an immobilisation matrix.

1.5.1 History of Conducting Polymers

Conducting polymers are a relatively new class of materials that possess electronic

conductivity. The discovery of such polymers, with high conductivity, led to a new and
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exciting area of material science in the 1970's.

Polyacetylene was the first polymer

discovered that could be made electronically conductive.67 Despite the initial interest i

this polymer, the last twenty years has seen most attention given to the polymerisation of
heterocyclic monomers such as pyrrole,68'69 aniline,70'71 and thiophene.72 Increased
interest has stemmed from the simple electrodeposition methods available for the
polymerisation of these monomers. Electrodeposition has many advantages over
chemical deposition including; control over growth rate and deposition at the surface of
an electrode, control of film thickness, and control of oxidation potential ensuring the
quality of the polymerised film. Furthermore, varying the electrochemical conditions

employed during synthesis can control the electrical, chemical and physical properties o
the resulting polymers.73

For electrochemical polymerisation a three-electrode voltammetric cell is normally used.
The working electrode on which the polymer is to be deposited is usually made of an
inert material so as not to oxidise concurrently with the polymer.74 Many different
materials can be used as the working electrode with platinum, gold, glassy carbon and
stainless steel being the most common. The auxiliary electrode is generally made from
platinum mesh, and more recently, reticulated vitreous carbon. For aqueous solutions a
Ag/AgCl or SCE reference electrode can be used, while in organic solvents a Ag/Ag+
reference electrode is usually employed.

Dall'Olio and co-workers were responsible for first reporting the electrochemical
deposition of pyrrole black as a brittle conducting film on a platinum electrode in
1968.76 Diaz et al then reported the electrodeposition of a free standing, highly
77

conductive, polypyrrole film from

an organic medium.

T h e mechanism of

polymerisation is generally believed to involve the oxidation of the pyrrole monomer to

3 0009 03254833 6
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yield a radical cation. The formation of a dimeric dication eliminates 2 H + to give the
pyrrole dimer. The oxidation potential of the dimer is slightly lower than that of the
monomer so the process of oxidative coupling of the units continues as the polymer
grows, becomes insoluble, and precipitates on the electrode surface.78 Polymer
neutrality is obtained by incorporation of a dopant anion during the polymerisation
process.

Three different electrochemical polymerisation methods are available for the
electropolymerisation of heterocyclic monomers (galvanostatic, potentiostatic and
potentiodynamic), and these vary depending upon whether the potential or the current
flow of the system is controlled. The most common of these methods is galvanostatic

deposition (constant current), as it affords greater control over the rate and extent o
polymerisation reaction, which means the amount of polymer deposited can be carefully
controlled. In this technique a controlled amount of current is applied to the cell to
induce polymerisation.7

The other two common techniques are potentiostatic and potentiodynamic deposition.
While these methods control the potential at the electrode, the rate and extent of

polymerisation is not readily controlled. In potentiostatic methods, the potential at w
polymer oxidation takes place is kept constant, whereas in potentiodynamic methods,
the potential is scanned over the range at which polymerisation occurs.80

Another attractive property of electrochemical polymerisation of pyrrole is that pyrrol
is sufficiently soluble in water to be polymerised from aqueous solutions of suitable
electrolytes.81 The advantage of this is that a much wider range of counterions is

Chapter 1 — General Introduction

13

accessible including very large counterions such as proteins, enzymes 8 2 and
antibodies.83

1.5.2 Immobilisation Techniques

There are many different techniques that can be employed for the immobilisation of
antibodies (and enzymes) in conducting polymers. Physical adsorption, physical
entrapment (during electropolymerisation), coimmobilisation and covalent attachment
are all methods that have been reported in the literature in recent years.84

Adsorption is the simplest method to add specificity to an electroactive conducting
polymer. This method is poorly regulated and unstable because of either desorption or
Of

denaturation of the biological entity. Physical entrapment during polymerisation of the
polymer film is also a simple method for immobilising proteins, enzymes or antibodies.
Since a negative charge is required to balance the positive charge of the polymer
backbone and maintain charge neutrality, antibodies can be employed as the anion in the

polymerisation process. As long as the biological component's isoelectric pH results in
net negative charge at the pH of the monomer solution, entrapment may take place.
Immobilisation has been successfully obtained using various methods for the
entrapment of both enzymes and antibodies.86'87'88'89'90'91

Co-immobilisation of the biological component has been employed in the
immobilisation of antibodies to enhance antibody uptake and at the same time increases
porosity within the polymer matrix. Polyelectrolytes such as dextran sulfate have been
successfully used in the uptake of enzymes, which led to an increased loading in a
polypyrrole film.92 An added advantage of coimmobilising polyelectrolytes is that a
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more porous polymer matrix will allow easier access to the targeted analyte during
redox cycling.

However, there are inherent disadvantages involved with the direct entrapment of the
biological component. It is accepted that there will be a loss of activity (both the
antibody and conductivity within the polymer film) due to mass transport problems

through the film, when compared to the native antibody activity. It is equally probabl
that a proportion of the antibodies will be denatured due to the localised pH changes
produced by the oxidation of the monomer species. Electrophilic attack by radical
cations generated at the electrode may also be a major threat to the biological
component.93 The coimmobilisation of polyelectrolytes has the added advantage of

decreasing growth potential during polymerisation. This is advantageous in maintaining

the biological viability of the antibody during the harsh oxidative conditions employe
for polymerisation.

A second major problem inherent with direct entrapment methods of immobilisation is a

lack of reproducibility between polymer films.95 In entrapment techniques, there is no
control over either the positioning or orientation of the biological component during

polymerisation.96 This could lead to the biological component being fully or partially

buried in the polymer matrix. In the detection of small analytes such as ions, this wo
not be a problem as the ions can flow in and out of the polymer matrix during redox

cycling. However, in the detection of large target analytes, such as the microorganism
in this study, flow into and out of the polymer matrix is limited.

One answer to this problem is to use post-polymerisation attachment of the antibody to
the conducting polymer. In recent years Smyth and coworkers have developed such a
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method for attaching antibodies to conducting polymer films. This technique is
advantageous in that the antibody is added after the polymer film is grown. This means
that the antibody is kept away from the harmful polymerisation conditions described
above. After the potentiodynamic growth of the film, the polymer is reduced (until

steady state is reached), then reoxidised in the presence of the antibody, which results
the antibody doping the polymer film surface. Higgins reviews the post polymerisation
attachment of biomolecules to conjugated conducting polymers in terms of enzyme
immobilisation.98 These chemistries could also be applied to antibody immobilisation.

A second more routinely investigated answer is the covalent attachment of the
biological component. Covalent attachment of the biological component can be
achieved in four ways:

1) Chemical modification of the polymerised polymer,
2) Polymerisation (and copolymerisation) of functionalised monomers,
3) Copolymerisation of a derivatised monomer with the biological component,
4) Specific attachment to copolymerised non-conducting polymers.

Various chemistries are available99'100'101'102 for the covalent attachment of antibodies t
conducting polymers via carboxy or aldehydic groups on the polymer including
glutaraldehyde103 or carbodiimide104 linking reagents. Covalent binding of antibodies

using a biotin-streptavidin bridge is also a well established method.105 Utilising antib
fragments such as the F(ab')2 and Fab' fragments106 has a number of potential
advantages over the addition of the whole antibody. Byfield et al ' lists these
advantages as:
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1) reduction of non-specific binding as the F c portion of the antibody is 'sticky'
towards non-antigenic components in the sample,

2) simplicity in having only one binding site, which prevents the formation of
antigen-bridged complexes which distort conventional immunoassay quantitation,
3) a preparative route which degrades interferent non-antibody proteins present in
serum which could also bind antigen, and

4) greater control over the stereochemistry of immobilisation through use of -SH
groups produced from the cleavage of disulfide bonds during Fab' preparation.
The last point is most important in the development of conducting polymer based
sensors, as the orientation of the antibodies plays an important role in both signal
generation and reproducibility between films.

1.5.3 Signal Generation Techniques

The other vital component of biosensor design is the biosensors ability to generate a
adequate significant signal. Signal generation is as important a part in the design as the
successful incorporation of the biological component. A s with immobilisation, there are
m a n y available modes for detecting a signal. Detection of changes in optical, mass,
thermal, and electrochemical properties are the four main areas of interest. A s
mentioned earlier, electrochemical methods are the most popular, with signals being
generated in a potentiometric (potential measuring), amperometric (current measuring)
or more recently conductimetric (resistance measuring) mode.

Chapter 1 — General Introduction

17

1.5.3.1 Potentiometric sensors

Potentiometric detection is a simple method where the sensor measures a potential
difference between a working and reference electrode in the cell when there is no
current flow. The most common potentiometric devices are pH and other ion-selective
electrodes. The potential of these electrodes (E) is dependent on the activity
(concentration) of a defined ion (aj), as described by the Nernst equation:108

(1)

where: E° is the standard potential, R is the gas constant, F is the Faraday constant, n is the number of
electrons, and T is the temperature.

Potentiometric immunosensors using enzyme-labelled antibodies that generate
detectable ions or gases have been developed, however, they have been relatively
unsuccessful as they suffer from the common problem of interference as well as nonspecific binding.64

1.5.3.2 Amperometric sensors

Amperometry is based on the oxidation or reduction of an electroactive compound at an

electrode whilst a constant potential is applied to this electrode. The measured curren
a direct measurement of the electrochemical reaction rate (oxidation or reduction rate
the analyte at the electrode surface), and is described by Faraday's Law. However, in

solution, a diffusion layer occurs and mass transport rates of the analyte to the elect
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have to be taken into account. In this case of an applied potential pulse, the current (i),
can be described by the Cottrell equation:109

i=

DFA

2-c
(2)

where: i is the current, A is the electrode area (cm ), D is the diffusion coefficient of the electroactive
compound ( c m V ) and C is the concentration (in moi cm"3).

Amperometric biosensors involve either a direct or indirect electron exchange between
the electrode and the biological component. Amperometric biosensors developed with
redox enzymes as the immobilised biological component have met with the most
success. Electron exchange can occur either through the direct electrochemical oxidation
and reduction of the active enzyme centre, or the indirect reaction via low molecular
weight redox mediators.110

Direct amperometric immunosensors, in the true sense have been met with limited
success. Recently, Crowley et al111 reported the successful detection of Listeria
monocytogenes at low levels using a sandwich assay with amperometric detection. The
immunosensor had a working range of lxl0 3 to 1x10 mo/ml Listeria with a detection
limit of 9xl0 2 mo/ml. The assay took 3.5hr to complete. Amperometric immunosensors
utilising flow injection analysis for detection have met with considerable success in
recent

years. Conducting

polypyrrole

incorporating

antibodies, with

pulsed

amperometric or electrochemical detection, have been developed to detect h u m a n serum
albumin,112 thaumatin,113 andp-cresol.11
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1.5.3.3 Electrochemical Quartz Crystal Microbalance

The range of piezoelectric acoustic wave devices available and the application of these
to chemical and biosensing have been recently reviewed115'116 and will not be dealt with
in detail here. One of the most commonly studied configurations is the quartz crystal
microbalance (QCM). The QCM device consists of an oscillator circuit that drives an
AT-cut quartz crystal sandwiched between two electrodes. Changes in the resonant
frequency are related to changes in the mass of the crystal which allow the QCM to
operate as a sensitive mass detector.

Piezoelectric immunosensors have been fabricated by immobilising antibodies directly

onto the quartz crystal and several researchers report the direct detection of antibody
117

antigen binding by monitoring frequency changes in liquids.

A s mentioned

previously, there have been many reports of the detection of microorganisms using
QCM, including Salmonella typhimurium, E-coli, Staphylococci and Listeria. In 1997,
Si et al combined the immobilisation of antibodies on electrodeposited films to detect
Salmonella paratyphi A with a detection range of 10 to 10 mo/ml. The validity of
result obtained using conducting polymers in QCM studies has been questioned. It is
assumed that the total frequency change upon binding is due to mass changes alone, but

changing liquid properties, such as density and viscosity, and entrapped surface liquid

changes, may also contribute to the frequency response.119 Non-specific binding has also
been shown to be a continual interferent in the design of direct biosensors.

1.5.4 Mediated Signal Generation

A common problem with all methods for microbial detection to date, including

biosensors, has been the inability to reproducibly detect small numbers of cells in sho
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periods of time. O n e variable is usually optimised at the expense of the other. If the
method can detect small viable cell concentrations the detection time is usually

measured in hours. On the other hand, if detection is rapid (in the order of minutes
the sensitivity is compromised.

Attempts to advance many of the simpler methods of detection, such as those discusse

in this chapter, resulted in researchers adding an amplification step to their metho

This primarily led to the use of conventional mediators in solution or coimmobilised
with the biological component to enhance electron transfer.

Nishikawa et al developed Matsunaga's fuel cell concept further by using a combinati
of filter pre-concentration on the electrode and 2,6-dichlorophenol indophenol as a
mediator to lower the sensitivity to 104 mo/ml in a detection range of 104 to 10
mo/ml.120 One advantage this work identified was that only viable cells responded,

however large volumes of sample were needed (>100mls). In 1982, Turner increased the
sensitivity by using amperometric detection mediated with phenosine ethosulfate for
coli without the need for pre-concentration. A detection limit of 4x106 mo/ml was
obtained in 30min.121 This work led Turner to use a mediator cocktail122 to detect 11
microorganisms and resulted in the commercialisation of this method in 1989 (De la
Pena Biotechnology Ltd, Pershore, UK).123

Lafis in 1992 reported using square wave voltammetry and membrane dyes for bacterial

detection.124 The dyes used were carbocyanine, 3,3'dihexyloxacarbocyanine and safarin

0. Safarin-0 interacts with microorganisms and has been used previously to detect E-

coli by Taylor and Wooley et al, both in 1987.125 By investigating the electrochemica
characteristics of the dyes when immobilised onto screen printed surfaces, and the
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subsequent interactions between the dyes and bacterial cell membranes, a direct

correlation was made between the cathodic peak current and bacterial cell concentratio
Linear ranges for Safarin-0 and 3,3'dihexyloxacarbocyanine were found to be 10 to 10
and 105 to 108 mo/ml respectively for E-coli determinations.124

Recently, conducting polymer coated electrodes have been used to mediate bioelectron

transfer reactions. Gamier achieved transfer through covalent attachment of amino acid
to the monomer backbone.126 In 1995, Ryder et al published a short communication on

protein electron transfer achieved through the post polymerisation covalent attachment

of a chiral substituent to the polypyrrole backbone. Post polymerisation attachment ha
two advantages over the usual functionalisation of the conducting polymer monomer.
Firstly, the process of substitution on the monomer is often difficult and tedious to

perform, and secondly, post polymerisation attachment also allows for functional group
to be utilised that would otherwise be damaged or destroyed by the oxidative
polymerisation process.

Cooper et al128 in 1995 reported the combination of a functionalised conducting polymer
in conjunction with an electron mediator to detect Cytochrome c. They concluded that
polymer functionality as well as backbone conductivity were crucial factors for the
optimal interaction between proteins and conducting polymers. Lu et al has recently

utilised conducting polymers in conjunction with mediators for the detection of protei
The combination of a conducting polymer and prussian blue mediator resulted in the
direct detection of Cytochrome c.129 In other work, Lu et al has also demonstrated the
coimmobilisation of polypyrrole and ferricyanide to produce a surface that promotes
110

protein orientation and electron transfer with Cytochrome c.
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Wallace and coworkers have shown interest in the ability to mediate bioelectron transfer

processes using water-soluble mediators. These studies have been made possible by th
production of a range of water soluble conducting polymers in recent years. ' ' '

The novel use of a water-soluble conducting polymer in a homogenous immunoassay
has been reported for the detection of human serum albumin and human C-reactive

proteins.135 This method utilised the chromatic properties of particular water-solubl
conducting polymers as a label. The hypothesis put forward was that when antigen-

antibody binding occurs, localised pH changes near the complex are modified. Such pH
changes then induce modifications in the absorbance of the conducting polymer
covalently linked to either the antigen or antibody. These changes can be monitored

photometry during incubation. This is the first use of a water-soluble polymer in th

of biosensor research. Due to their unique properties, it is one area of research th
further investigation.

1.6 Aims Of This Study

The main aim of this study was to develop a novel, quantitative sensing technique fo
the determination of Listeria monocytogenes in different environments.

The first approach involved the development of a conducting polymer based biosensor.

This required optimisation of both the immobilisation and signal generation componen

of the biosensor. Several options for immobilising a Listeria antibody into a conduc

polypyrrole matrix were investigated and these methods are described in Chapter 3. T

objective of this section was to achieve maximum electroactivity and conductivity of
polymer whilst maintaining antibody integrity.
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Investigations into a suitable signal generation technique, were to be carried out
contemporaneously with the various immobilisation methods. This work is described in
Chapter 4 and covers the use of conventional electrochemistry, EQCM and resistometry.

The use of conventional mediators was also investigated in this chapter to increase th
sensitivity of the signal. It was necessary for the signal generation method to be
compatible with the immobilisation step, so as to be appropriate for a direct sensing
device.

The second approach in this study was to examine the use of a water-soluble conducting

polymer as a mediator in the direct transfer of electrons from the microorganism to an
electrode substrate (Chapter 5).
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2.1 Experimental Techniques and Procedures

This section describes the techniques and procedures used throughout this study. All
conventional electrochemistry was carried out in a three-electrode cell. The cell
comprised a working electrode of various substrates, a platinum mesh or reticulated
vitreous carbon auxiliary electrode and a BAS Ag/AgCl (3M NaCl) reference electrode.
The basic setup can be seen in Figure 2.1.

Working Electrode
Reference Electrode
in Salt Bridge
Auxiliary Electrode
Electrochemical Cell
Magnetic Stirrer Bar
Magnetic Stirrer
Retort Stand

Figure 2.1

Schematic of the three electrode electrochemical cell used throughout this study

2.1.1 Cleaning of Electrodes

2.1.1.1 Disc electrodes

The disc electrodes used in this study were first cleaned on a polishing cloth using 0.3(1
m alumina, followed by 0.05um alumina, with Milli-Q water used as a rinse between
polishing. After each cleaning on the alumina slurry, the electrode was cleaned on a
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separate polishing cloth wet with Milli-Q water. This process was carried out to remove

any residual alumina on the electrode that could interfere with the experiments. Betwee
experiments, the reference and auxiliary electrodes were rinsed with Milli-Q water to
remove any residue. On a regular basis the auxiliary electrode and working electrode
were sonicated for a few minutes in dilute nitric acid to ensure proper cleaning after
contact with biological solutions containing proteins or microorganisms.

2.1.1.2 Gold film electrodes

The gold film electrodes used to provide results discussed in Chapter 3 consisted of go
sputter coated onto a Mylar substrate. Preliminary investigations found that the gold
film required special cleaning methods. Simply washing the gold film with Milli-Q
water was insufficient cleaning to produce reproducible polymer films that grew
consistently across the electrode surface. Insufficient (or no) cleaning led prevented
growth of some films and made others appear patchy.

Cleaning in ethanol increased the evenness of the polymerised film, which inadvertently

increased the reproducibility between films. However, it became apparent that the lengt

of time that the gold film electrodes were soaked in ethanol was also an important fact

in the growth of the films. An experiment was carried out comparing the cleaning of the
gold film electrodes with both Milli-Q water and ethanol. One batch of electrodes was
soaked in Milli-Q water for two hours, another was soaked in 95% ethanol for two

hours, and a third batch was soaked in 95% ethanol for four hours. After the respective
time periods had elapsed, the ethanol soaked electrodes were rinsed thoroughly with
Milli-Q water to remove any residual solvent.
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PPy/alis films were polymerised on these electrode substrates using the galvanostatic
method of growth. Chronopotentiograms were recorded for this polymerisation and
appear in Figure 2.2.

Figure 2.2

Chronopotentiograms recorded for the polymerisation of PPy/alis films grown on three

gold-film electrodes subjected to three differing pretreatment conditions. The electrodes
were pretreated with a) Milli-Q water, b) 95% ethanol for 2 hours followed by Milli-Q
water and c) 95% ethanol for 4 hours followed by Milli-Q water. The PPy/alis films
were grown galvanostatically from 0.5M pyrrole and lOOppm alis in 3ml of Milli-Q
water at a current density of 1 .OmA/cm2 for 7mins.

An immediate observation from the chronopotentiograms recorded in Figure 2.2 is the
potential at which the polymers grew. The polymer grown on the gold film electrode

treated with Milli-Q water only (gold film 1) grew at a growth potential of 0.96V. W

this is slightly higher than the usual growth potential for polypyrrole films, which
around 0.7V, it is still acceptable and the resulting polymer film displayed good

conductivity and electroactivity. The polymer grown on the gold film electrode soake

in the ethanol for 2 hours (gold film 2) grew at a much lower growth potential of 0.

The third polymer, grown on the gold film soaked in ethanol for 4 hours (gold film 3
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grew at an even lower potential of 0.60V. Visually all three films appeared similar to the
naked eye, regardless of the potential at which they were grown.

As Figure 2.3 reveals, the results for cyclic voltammograms recorded in 0.15M NaN03
are quite different. The voltammograms of the films grown that were soaked in Milli-Q
water and ethanol for 2 hours appeared normal. However, the voltammogram recorded

after the gold film electrode was soaked in ethanol for 4 hours was remarkably differe

There was a decrease in current and a change in the redox activity of the film. There i
distinct lack of an oxidation peak and the reduction peak has shifted slightly more
negative.

The mechanical properties of the polymerised films were also found to vary
significantly. Whilst the film grown on gold film 1 (Milli-Q washing) showed very good
mechanical stability, the film grown on gold film 3 was easily removed from the
electrode after polymerisation. The film grown on gold film 2 showed intermediate

stability between the other two samples. One suggestion for this is that the films soa
in ethanol were inadequately rinsed with Milli-Q water after being removed from the
ethanol prior to polymerisation. Inadequate washing would result in residual ethanol
remaining on the gold film and interfering with the polypyrrole film's growth.
Increasing the washings of the ethanol soaked goldfilm prior to polymerisation with
Milli-Q water did not change these results.

39
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Cyclic voltammograms recorded after the growth of the PPy/alisfilmsdescribe

Figure 2.2. The electrodes were pretreated with a) Milli-Q water, b) 95% ethan

hours followed by Milli-Q water and c) 95% ethanol for 4 hours followed by Milli
water. Et = -lOOOmVand the scan rate = lOOmV/s.
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From these results it w a s concluded that the pretreatment of the gold film electrodes was
necessary to both decrease the growth potential of the polymerised PPy/alis films and
prevent the film from being inadvertently affected. It was therefore decided that the

film electrodes would be soaked in ethanol as pretreatment but only for a limited time
period (not exceeding 2 hours). The electrodes would then be thoroughly washed with
Milli-Q water to remove any residual ethanol from the electrode surface prior to
polymerisation.

2.1.2 Techniques employed for the polymerisation of polymer films

There are three different electrochemical techniques available for the electrochemical
polymerisation of conducting polymers. These are galvanostatic, potentiostatic and
potentiodynamic growth. All three synthesis methods were employed in this study and
are discussed below. Chronopotentiometry and chronoamperometry are two methods
used to monitor the polymerisation process and these techniques are also discussed.

2.1.2.1 Galvanostatic polymerisation

Galvanostatic polymerisation is the most commonly used technique for the growth of
conducting polymer films.1 This technique employs a constant current between the
working electrode and the auxiliary electrode in the electrochemical cell to initiate
growth of the polymer. Therefore, if the current is constant, the potential generated
time will vary. By controlling the current (or current density) employed, the rate of

polymerisation of the polymer film may be controlled. Additionally, by controlling the
total charge passed during polymerisation, it is possible to control the amount of
polymer formed and hence polymer thickness.
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Typical constant currents employed throughout this study are in the range of 0.25 to
2.0mA/cm2. Generally the higher the current used and the longer the polymerisation
time employed, the thicker the resultant polymer will be. This also impacts on the
surface morphology of the resultant polymer film, as well as the physical and chemical
properties of the polymer such as mechanical strength and conductivity. Therefore, the
advantage of employing galvanostatic growth over the other methods of polymerisation
is that this method of polymerisation allows greater control over the growth of the
polymer film.3 The setup used for galvanostatic growth is illustrated in Figure 2.4.

Figure 2.4

Schematic showing the setup usedfor galvanostatic growth of the conducting polymers.

The monomer solution in the electrochemical cell comprised the pyrrole monomer, the

counterion and the supporting electrolyte in their respective concentrations. To gene
polypyrrole films that contained CI' or N03" for example, sodium chloride or nitrate

solutions were used as the supporting electrolyte. For the polymer films containing an

antibody as the counterion, the monomer solution contained the pyrrole, the antibody o
interest and Milli-Q water.

42
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It is important to remember that conducting polymers will overoxidise

at high

potentials, therefore it is essential to monitor the growth potential obtained during
polymerisation. Overoxidation during the polymerisation process leads to chain

termination inhibiting chain growth and reducing the conductivity and electroactivity o
the polymer film.5 It is therefore critical to maintain a low growth potential during
polymerisation. This can be monitored through the application of chronopotentiometric
methods.

Chronopotentiometry

Chronopotentiometry is a technique used to monitor the growth potential obtained
during the polymerisation a galvanostatically grown conducting polymer.
Chronopotentiometry is the measurement of the change in potential over time and gives
qualitative information about the polymer formed. During the growth of the polymer

film, the current remains constant and therefore the potential of the system changes to

reflect changes in the ease of the polymer reactions. The charge passed from the system
can also be easily obtained using chronopotentiometry. Since the current magnitude is
constant, the amount of charge passed can be obtained from the following equation, by
monitoring the time:6

...(1)

where: Q = charge passed (mC), i = current (mA) and t = time (s).

Chronopotentiometry can be carried out simultaneously during the growth of the
polymer and monitored on a computer. In this study the computer is interfaced to the
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galvanostat using a M a c L a b analog to digital interface and monitored using Chart
software. A typical chronopotentiogram can be observed in Figure 2.5.

•

2
3

v
-v »'*<*

6

1
p.

Time (seconds)

Figure 2.5

Example of a typical chronopotentiogram recorded during the growth of a conducting
polymer.

Three regions can be identified on the above chronopotentiogram. Thefirst(1) is the net
potential of the cell, before the galvanostat is turned on. Once the galvanostat is turned
on, an initial potential spike (2) appears before the potential begins to stabilise (3). The
continual slight decrease in potential after the initial potential spike is indicative of the
growth of a conducting polymer.7 This decrease is observed if the potential attained at
the working electrode remains constant throughout the polymerisation process, and the
polymer layer itself has added no extra resistance to the circuit and as such will be
conducting.8 O n the other hand, if the potential continually increases, the resultant
polymer has a significant resistance which will m e a n the polymer will be less
conductive and electroactive than expected.

2.1.2.2 Potentiostatic polymerisation

Potentiostatic growth is a method whereby the potential employed during growth is kept
constant. This is achieved by maintaining a potential between the working and reference
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electrodes, while the voltage difference (and current) between the working electrode and
auxiliary electrode remains uncontrolled. Consequently, using potentiostatic

polymerisation, the potential at the working electrode can be set and maintained so tha

the polymerisation of the desired monomer takes place whilst undesirable side reaction
are avoided. Using this method, overoxidation of the polymer can also be minimised.
The setup used for this type of polymerisation is very similar to that used for the
galvanostatic method, although a potentiostat replaces the galvanostat (Figure 2.6).

In this study, potentiostatic growth was carried out using a CV-27 potentiostat and the

three-electrode cell. The monomer solution contained the same constituents as described

for galvanostatic growth. For initial experiments the potential maintained for the gro

of the polymer was 0.80V. It is important to remember when using potentiostatic growth

that the potential employed must be equal to or higher than the oxidation potential of
monomer unit that is being polymerised.

Figure 2.6

Schematic of the setup used for the potentiostatic growth of the polypyrrole films.

Chronoamperometry
When potentiostatic methods are used to polymerise a conducting polymer,
chronoamperometry is the method used to monitor the change in current versus time
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that occurs during the polymerisation process. A s for chronopotentiometry, a computer
interfaced to the potentiostat through a MacLab and Chart software was used to monitor
the change in current during the growth of the polymer. A typical chronoamperogram
appears in Figure 2.7.

Once the potentiostat is turned on (1) there is an initial current spike (2) relating

charging current required to charge the double layer and initiate polymerisation. After
this large current flow, the current decays as the electrolysis reaction depletes the
electroactive species at the electrode.9

The third important section of the chronoamperogram occurs immediately after the

current spike (2). In this period, the current stabilises into an increasing transient
over time. This increase in current is also indicative of the growth of a conducting

polymer, as the current increases due to the increase in the electroactive surface area
caused by the ongoing deposition and expansion of the polymer film. If on the other
hand, the current decreased during growth the chronoamperogram, it would be
indicative of the growth of an insulating polymer.

Figure 2.7

Example of a chronoamperogram recorded during the growth of a conducting polymer.
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2.1.2.3 Potentiodynamic polymerisation

Potentiodynamic growth ass the third method investigated in this study for the growth

conducting polymers. It employs the use of a potentiostat and the potential is scanned

over a given range, as with cyclic voltammetry. The number of scans applied determines

the thickness of the film. The setup used is the same as that used for the potentiosta
growth discussed previously, however the output monitored on the computer resembles
individual cyclic voltammograms. Figure 2.8 shows the response obtained for the
potentiodynamic growth of a polyaniline conducting polymer. The current is close to
zero at the beginning of the experiment, and as the monomer polymerises, the current

produced increases as the polymer film deposits and expands, as indicated in Figure 2.

3XXS03
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Figure 2.8 Example of the potentiodynamic growth of a polyaniline film on a glassy carbon disc
electrode, using the potentiodynamic method of polymerisation. The film was grown
from a Wml-monomer solution containing 0.2M aniline, 0.1MHCI and 2.0ml PVS-Na.
_\ = -500mV, Ef = HOOmV, scan rate = lOOmV/s and number of scans = 10.
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2.1.3 Techniques employed for the characterisation of polymer films

Chronopotentiometry and chronoamperometry are techniques used to characterise
conducting polymers during growth. Characterisation methods applied after polymer
growth such as conventional voltammetry, resistometry, QCM and ELISA are described
in the following section.

2.1.3.1 Voltammetry

Cyclic voltammetry

Cyclic voltammetry (CV) is one of the most common electrochemical techniques used

for the characterisation of conducting polymer films.10 In this study, this technique
used for the polymerisation, characterisation and signal generation of the different

polypyrrole and polyaniline systems. It is a very useful technique that provides both
qualitative and quantitative information about the heterogeneous redox reactions
occurring within the conducting polymers.11 In cyclic voltammetry, the potential is

scanned linearly from an initial value Ei to a final value E2 and then back to Ei, wh
shown schematically below.

E,

Ferricyanide provides one of the best understood and studied single electron reversible

redox couples (equation 3),12 and for this reason it is often used for characterising
response of electrode substrates that are to be used in a study. Recording a cyclic

Chapter 2 — Methodology

48

voltammogram in a solution of ferricyanide yields a typical response represented in
Figure 2.9.

+

F e ( C N ) 3 ~ <e*
4Fe(CNi'
...(3)

0.2
0.4
Potential(V)

Figure 2.9

A typical cyclic voltammogram of 5.0mM K}Fe(CN)6 in 1.0MNaCl on a glassy carbon

electrode. Ej = -0.2Vand the scan rate = lOOmV/s.

The main parameters of interest of a cyclic voltammogram are: anodic peak current (ipa);

cathodic peak current (ipc); anodic peak potential (Epa) and cathodic peak potential (Epc)

A redox couple in which both species are stable and rapidly exchange electrons with the
1 %

working electrode is termed an electrochemically reversible couple.

A number of

quantitative parameters can also be obtained from the cyclic voltammogram for
reversible reactions. These include:
• the formal reduction potential (E°) for this type of system which is centred between
Epa and Epc:

E° =

Epa + E p c

...(4)
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• the number of electrons (n) transferred in the redox process can be determined from
the separation of the two peak potentials14

...(5)

• the peak current for a reversible electrode reaction is described by the Randles-S
equation15 for the forward sweep of thefirstcycle as:

ip = 2.69xl0 5 n 3 / 2 AD 1 / 2 Cv 1 / 2
.(6)

where: Ip = peak current (A); n = electrons per molecule (e/mol); A = electrode area (cm 2 ); D = diffusion
coefficient (cm/s); C = concentration ( M ) and v = scan rate (V/s).

From Equation 6, it can be seen that ip is proportional to concentration and scan rate
This type of information is extremely important for the characterisation of any
electroactive species, not only conducting polymers.

Cyclic voltammetry was utilised in this study for polymer characterisation to determi
the redox potential of the polymer system, the potential at which irreversible
overoxidation of the polymer occurs and any changes to the polymer electrochemistry
caused by interaction with the intended analyte.

The apparatus used was a conventional three-electrode cell as shown schematically in
Figure 2.1. Different potentiostats were used to generate the cyclic waveform. These
included the C V - 2 7 , B A S 100A workstation, and ElectroLab potentiostat. The cyclic
voltammograms generated by the C V - 2 7 were recorded on a computer using Chart
software interfaced to the potentiostat via a M a c L a b analog to digital interface. Those
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generated using the ElectroLab were recorded on a computer utilising ElectroLab

software interfaced to the ElectroLab potentiostat, while the BAS system is a fully se
contained unit.

Differential pulse voltammetry

Differential pulse voltammetry (DP V) is a technique that became readily available in
1960's and one of the most popular electroanalytical techniques of the 1970's.16 The
DPV waveform can be thought of as „the sum of a staircase with a pulse train"17.

During the staircase potential, immediately prior to the application of the smallamplitude pulse, a current sample is taken at Si and a second sample, S2, is taken at

end of the pulse. The point response observed is then the difference between S2 and Si

The advantage of DPV techniques over cyclic voltammetry is an increase in sensitivity.
However this advantage is lost when the redox species suffers from slow electron-

transfer kinetics, which lowers the response obtained and therefore increases the limi
detection.

Square wave voltammetry

The square wave voltammetric (SWV) waveform is considered a very powerful
technique. The SWV waveform is very fast, utilising small pulse periods and this
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waveform is more sensitive than D P V because both the forward and reverse currents are
measured, whereas only the forward currents are measured in D P V .

The waveform

(shown schematically below) consists of a symmetrical pulse train added to a stairc
The response current is sampled at both the forward and reverse half cycles. A plot
constructed by subtracting the reverse response current from the forward response
current and plotting this against potential.1

Normal Pulse Voltammetry

Normal pulse voltammetry ( N P V ) is an electrochemical waveform that consists of a

successive pulse excitation waveform of gradually increasing amplitude.16 The initia
potential (Ei) is chosen in the electrochemically reactive region of the conducting

polymer or targeted analyte. The current is then sampled at the end of the forward s

The response is plotted as the sampled current versus the pulse potential. A typica
pulse waveform is shown schematically below.

Pu

od

k-

^

Pulse Width
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2.1.3.2 E n z y m e Linked Immunosorbent Assay ( E L I S A )

Enzyme Linked Immunosorbent Assays (ELISA) are used in microbiology as a means
of determining antibody-antigen interactions.18 In this study, ELISA has been utilised

a detection method to characterise the antibody entrapped in the polymer film. The iss

in this study was the ability to characterise the film to determine whether the antibod
immobilised in the polymer matrix maintained the ability to capture the targeted
antigen.

Typical ELISA tests are based on a sandwich assay19 whereby the antigen of interest is
bound to the antibody immobilised in a plastic well. A second antibody with a

fluorescent label bound to the Fc portion (Figure 3.1) of the antibody is introduced to
bind in a sandwich formation to the trapped antigen. A substrate is then added which

reacts with the fluorescent label and positive results are indicated by a colour chang

the substrate. This provides the basis of an analytical technique for the determinatio
antibody-antigen interactions and is shown schematically in Figure 2.10.

A commercial ELISA test kit for Listeria was used as supplied by Tecra Diagnostics
(Sydney, Australia). The polymer film was grown on a gold film substrate. This enabled
circular sections of the film to be cut out of the substrate and placed in the bottom
ELISA wells. Since it was important to determine the amount of antibody in the
polymer films only, blank wells were used in the experiments. These blank wells were
first blocked using a 1 % glucose solution to block the non-specific binding sites on

plastic well walls. The 1% glucose solution was left to incubate at room temperature fo
30min before being rinsed thoroughly with Milli-Q water.

53
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1

to a

Schematic representation of an ELISA experiment.

Tecra Diagnostics Manual for an E L I S A test kit for the determination of Listeria or Salmonella in

foodstuffs, Tecra Diagnostics, Sydney, Australia.
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The method used for the ELISA experiments was as follows and is shown schematically
in Figure 2.11:
• The polymer film was grown on 1 x 1cm gold film electrodes galvanostatically.

• Circles of this substrate were cut out using a hole punch and placed in the blocked wells.
• Each polymer film was grown in duplicate so that for the experiment one circle could be used
as the positive and one as the negative control. The positive control was a solution of 1 x 10 6
mo/ml Listeria and the negative control w a s a saline solution.
• 200(oL of positive and negative control were added to the respective wells.

• The plate was then incubated at 37°C for 30min.
• After incubation the wells were thoroughly rinsed with the provided wash solution, three times.
• 200|jL of conjugate was then added. The conjugate is the enzyme linked antibody that
complexes the antigen.
• The plate was again incubated for 30min at 37°C.
• After this second incubation the wells were again thoroughly rinsed with the wash solution,
three times.
• 200uL of the substrate was then added to the wells and the plate was allowed to incubate at
room temperature, until the colour change was complete (generally 20-25min).
• After this last incubation a stopping solution was added and the absorbance values recorded at
4 6 5 n m using a UV-vis spectrometer.
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A schematic showing the method used for the sandwich ELISA experiments carried out

in this study.

When carrying out ELISA characterisation it is critical to run a control for the

experiment. Normal antibody coated wells were added to the ELISA plate and positive

and negative control solutions were added to these and the ELISA run as normal. The

reaction of the substrate was stopped when the value of the positive control reache

absorbance of 1. The negative control should not return an absorbance higher than 0
If the negative control value is much higher than this, then the experiment should
repeated as it is likely that the solution has become cross-contaminated.

In the adapted experiment where the polymer film has the negative control added to

well, the control is used as an indicator for the amount of non-specific binding to

polymer film. A high positive value and a low negative value is indicative of a goo
signal to noise ratio for the experiment.
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2.1.3.3 Quartz crystal microbalance ( Q C M ) and Electrochemical Q C M

(EQCM)

The electrochemical quartz crystal microbalance method is a sensitive technique that is
capable of providing qualitative information about the ion-exchange processes during
polymer oxidation and reduction. The

EQCM

was

also utilised during the

polymerisation process to attempt to gain quantitative information about the amount of
polymer deposited onto the gold substrate of the Q C M crystal (Chapter 3). This work
has also investigated E Q C M as a signal generation process for the antibody-antigen
interaction, which is discussed in Chapter 4.

Polymer Deposition

The EQCM was used during the growth of the various polymers to monitor the change
in mass attributed to the deposition of the polymer on the quartz crystal electrode. The
apparatus for this deposition type experiment requires that the m o n o m e r solution be in
the electrochemical cell. In this way, after the background frequency is recorded, the
change in frequency during polymerisation can be monitored. The Sauerbrey equation
describes the relationship of the resonant frequency of the crystal to the mass deposited
on the electrode as:

Af = -

—
A(pqHq)

1/2

where: Af = measured frequency shift, f0 = the fundamental frequency of the quartz crysta
in mass, A = piezoelectric active area, pq = density of the quartz crystal (2.648g/cm3) and Uq = the shear
modulus (2.947 x 1011 dyn/cm2 for AT-cut crystals.
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Since the density and shear modulus for the quartz crystal remain constant, the
Sauerbrey equation can be more simply expressed as:21

Af - -2.3 x 106 f02 Am/A I
_

1

...(8)

Using the above relationship, the amount of polymer deposited during the growth of the
PP/alis films can be approximated. From this value, the thickness of the polymer film
can also be approximated from the Sauerbrey equation:

...(9)

where: M/A = mass per unit area, p = density of the film and t = the thickness of the film.

The density of polypyrrole films has been measured to be approximately 1.5ug/cm3,22
Application of the Sauerbrey equation shows that a change in frequency of 150 Hz
correlates to a thickness of 185A.23

The Sauerbrey equation is appropriate for many situations however there are limitati

to its use. One assumption implicit in this expression is that the mass added does not

experience any shear deformation during oscillation.24 This is a good approximation fo
thin, rigid layers. For thicker, less rigid solids however, a more complex theory is
required. It considers the acoustic impedance of a layer attached to the oscillator,
requires the density and shear modulus of the layer to be known. In their research,
Baker and Reynolds reported that the growth of polypyrrole films was analogous with

the thin, rigid-layer approximation.26 Therefore, for thin polypyrrole films the Sauer
equation can be used for mass and thickness determinations.
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Importantly the frequency, and therefore the change in frequency of the QCM crysta
are affected by contact with solution. Kanazawa and co-workers have shown that an

exponentially damped shear wave is developed in solution at the surface of a subme
QCM crystal,27 leading to an expression for the frequency change during submersion
the QCM:

Af = -f_3/2[T1_p5/(KHqPq)]* | (10)

where: r|s = the solution viscosity and ps = solution density. (Other variables are defined above).

This equation does not relate a change in frequency to a change in mass. However, i

the interests of this study the results can be expressed as changes in frequency a
increase in mass will proportionately decrease the frequency of the QCM crystal
irrespective of the containing medium.

Quartz crystal microbalance28 (QCM) and electrochemical quartz crystal microbalance
(EQCM) experiments were carried out using equipment built in-house. The

electrochemical cells used in these experiments were also made in-house (Figure 2.1

The apparatus comprised a small Schott glass cell attached to a Perspex support. O

bottom of one side of the cell was an open hole, similar in size to the quartz crys

The crystals were bonded to the side of the cell using Silastic™ silicon glue. The
had a volume of approximately 20ml. The Silastic epoxy is not rigid when set and

allows the crystal to oscillate under normal conditions. Once dry, the oscillating
frequency of the crystal was monitored to ensure the crystal was working properly

the cell was checked for leaks. The monomer solution was then poured into the cell
a polymer polymerised using galvanostatic growth. The monomer solution was then
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removed from the cell and both the cell and polymer were thoroughly rinsed with MilliQ water. The appropriate supporting electrolyte was then added to the cell and
background frequencies were recorded. Additions of the solution containing the
microorganism of interest were then made and changes in frequency were recorded on a
computer using Chart software interfaced through a MacLab.

Figure 2.12

Schematic of the quartz crystal electrochemical cell and apparatus used for the

QCM

and EQCM experiments.

2.1.3.4 Resistance

In this study two different resistance techniques were employed. The first method
utilised a resistometer constructed by CSIRO (Melbourne, Australia). The resistance
module was placed in series between the potentiostat and the electrochemical cell
(Figure 2.13). Measurements were made while employing a conventional cyclic
voltammetric waveform. This technique operates in real time by employing an
interrupted applied potential on a time scale that does not interfere with the redox
processes in the conducting polymer. The resistometer interrupts the waveform and
employs its own current spike (100mA) for a short pulse period (for 200usec), then
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measures the 2-point resistance across the gap between the working and reference

electrodes. When this measurement is plotted against the potential scanned, the r
a cyclic resistogram (Figure 2.14).

Figure 2.13

Schematic of the apparatus used for the measurement of resistance.
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An example of a cyclic resistogram recorded using the CSIRO resistometer.

The second resistance method investigated was the four-point probe resistance
measurement using microelectrode arrays. Since each electrode in the array was
individually addressable, the application of a short current spike applied over
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two electrodes enabled the measurement of the potential difference between the inner
two electrodes to be made. The potential difference measured is proportional to the
resistance change as described by Ohm's Law.

2.1.3.5 UV-vis Spectroscopy

UV-vis spectroscopy was utilised in this study in Section 5.3.3.1 as an alternative
technique for the characterisation of the PMAS - microorganism interaction. UV-vis
spectrometry is a commonly used technique for the characterisation of dissolved
samples. It is therefore an ideal technique to use for the characterisation of water
polymers as the information gained from the spectra is indicative of certain chemical
and physical properties of the polymer. These include the presence of a free carrier
region of the spectra, which is indicative of polymer conductivity, and the formation

new spectral peaks indicating a redox reaction occurring in the polymer. This techniqu
was integral in attempting to elucidate the polymer-microorganism interaction.

The UV-vis spectrometer used was a Shimadzu 1601 UV-vis Spectrometer. The cells
used were made of quartz with a focal width of 1cm. Spectra were recorded between the
range 300 to 1 lOOnm.
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3.1 Background

The use of conducting polymers in biosensors has several advantages. These advantages
stem from the very nature of a conducting polymer that enables the use of different
detection and immobilisation techniques. Physical entrapment1, co-immobilisation2,
adsorption3, cross-linking4, micro-encapsulation,5 and covalent binding6 are all methods
that have been used to immobilise proteins, enzymes, or antibodies into different
support matrices. Agostiano et al have reported the direct incorporation of proteins
and Sadik et al have directly incorporated antibodies into polypyrrole. Entrapment
methods are simple however they tend to suffer from a lack of reproducibility, as the
biological component is randomly oriented within the polymer matrix. Subsequently,
the biological component is often inaccessible to the target analyte.10

Co-immobilisation techniques often involve the immobilisation of a secondary
counterion with the biological component. Zinger11 has used Tiron (4,5-dihydroxy-l,3benzenedisulfonic acid) to enhance protein uptake during the polymerisation of
polypyrrole. Hodgson et al have also reported the increased uptake of protein coimmobilised with a polyelectrolyte, dextran sulfate, in a polypyrrole film. However
there is still a question of reproducibility between polymer films associated with the
orientation of the biological moiety within the resulting polymer film.

Cross-linking and micro-encapsulation techniques also bury the biological component in
the polymer matrix. Methods that are prone to this problem have accessibility concerns
with the targeted antigen finding the entrapped antibody. Adsorption techniques used to
immobilise the biological component to the outer layer of the conducting polymer
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overcome the problem of burial. However, the technique suffers from the loss of the
biological component due to diffusion into the sample solution.

Covalent attachment techniques generally overcome the reproducibility problem and the
orientation issue associated with the methods mentioned earlier. Cooper et aln in 1995

and Ryder et al14 in 1996, utilised functionalised pyrroles in their work characterising
the bioelectrochemical interface. However the disadvantages of covalent attachment is
that these methods are time consuming, expensive and require costly reagents and
skilled technicians to complete the process.

These disadvantages need to be considered when developing techniques suitable to the
immobilisation of antibodies into conducting polymer matrices for the production of
commercial biosensors.

Aims of this Chapter

The main aim of this chapter was to investigate suitable techniques for the
immobilisation of a monoclonal Listeria antibody into a conducting polypyrrole film.
Upon the immobilisation of the antibody, electrochemical properties such as
conductivity and electroactivity were to be investigated. The paramount concern was
maintaining the integrity of the antibody in the process.

Three immobilisation techniques were investigated: physical entrapment, coimmobilisation, and covalent attachment of the antibody to the polymer backbone. In

addition to the requirements of immobilisation, the suitability of the resultant polym
signal generation was also to be considered.
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3.2 Experimental

3.2.1 Chemicals and Materials

All reagents utilised for these immobilisation experiments were AR grade unless
otherwise stated. Pyrrole was obtained from Merck and vacuum distilled before use. It
was stored under nitrogen below 0°C prior to use. All solutions were prepared using
deionised Milli-Q water (18MQ Cm). Tecra Diagnostics (Sydney, Australia) supplied
the anti-Listeria antibody and the F(ab)2 antibody fragments, the adipylhydrazidyl
(pyridyldithio) propionate (AHPTP) and the ethyl-diaminocarbodiimide (EDAC). The
Listeria were obtained in 109 mo/ml aliquots and frozen until use. The anti-Listeria
antibodies were dialysed against Milli-Q water at 4°C for 24hr and stored below 0°C in
2ml aliquots before use. The gold film was obtained from Courtaulds Performance
Films, Canoga Park, USA.

The pH 7 phosphate buffer solution was prepared by mixing 305ml of 0.2M
Na2HP04.H20 and 195ml of 0.2M NaH2P04.H20, and made up to IL with Milli-Q
water. The pH was monitored and adjusted (using 1M Na2C03 solution) to 7.0 if
necessary.

The 3-methyl-4-carboxylic acid pyrrole monomer was synthesized in-house at the
Intelligent Polymer Research Institute (University of Wollongong).15

3.2.2 Apparatus

All voltammetric experiments were performed in a three-electrode cell. The cell
contained a working, reference and auxiliary electrode. The working electrode varied
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between a B A S 3mm-diameter glassy carbon disc electrode, a 1.5mm diameter
homemade platinum, or gold disc electrode, depending on the particular experiment.
The reference electrode was a BAS Ag/AgCl (3M NaCl) type for aqueous solutions and
a BAS Ag/Ag+ reference for organic solutions, and the auxiliary electrode was made
from platinum mesh. The voltammetry was performed using a MacLab potentiostat
(ADInstruments, Australia) interfaced through a MacLab system (ADInstruments) and
recorded using EChem software (ADInstruments). Galvanostatic experiments were
performed using an in-house built galvanostat. Potentiometric and potentiodynamic
experiments were performed using a PAR CV-27 interfaced through a MacLab.
Resistometry was performed using a CSIRO built resistometer and QCM and EQCM
were performed using an in-house built QCM module. All data was recorded on a
Macintosh computer. pH measurements were determined using a DENVER Model 20
combined conductivity/pH meter. Listeria ELISA test kits were obtained from Tecra
Diagnostics, Sydney Australia.

3.2.3 Procedures
3.2.3.1 Polymerisation of PPy-aLis

The working electrode was polished on a cloth with 0.1 urn alumina and then rinsed
Milli-Q water. The working and auxiliary were then sonicated prior to use. The
polypyrrole polymers were prepared from a monomer solution consisting of 0.5M

pyrrole and lOOppm anti-Listeria (or lOOppm anti-Salmonella) made up in 3ml of Mill

Q water and deoxygenated under nitrogen for lOmin. Galvanostatic, potentiostatic, a
potentiodynamic growth was then carried out as required.
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3.2.3.2 Polymerisation of P P y - p T S - P M C P y polymers
The polymerisation of the PPy-pTS-PMCPy polymer was carried out in a threeelectrode cell. However, since the MCPy only dissolves in acetonitrile, a Ag/Ag+
reference electrode was used in place of the aqueous Ag/AgCl reference. The monomer
solution contained 0.1M 3,4 methyl-carboxylic acid pyrrole (the MCPy monomer),
0.02M pyrrole and 0.1M pTS in 3ml of acetonitrile. The polymer was then grown
galvanostatically at a current density of 1.OmA/cm for 7min on a glassy carbon
substrate.

3.2.3.3 Conjugation with adipylhydrazidyl (pyridyldithio) propionate (AHPTP)

Adipylhydrazidyl (pyridyldithio) propionate (AHPTP) and ED AC were dried in an oven
at 80°C and subsequently dissolved in Milli-Q water at a concentration of lOmg/ml.

Immediately after dissolution, 400ul of the ED AC solution was added to the top of th
PPy-pTS-PMCPy polymer. This was followed by the addition of 50ul of the AHPTP
solution to the wetted polymer and allowed to react for 4 hr. After the reaction was
complete, the polymer was washed extensively with Milli-Q water to remove any
unreacted AHPTP.

3.2.3.4 Cleaving F(ab)2 fragments into Fab'

In section 3.3.5, Fab' fragments of the anti-Listeria were used in place of the entir
antibody. The procedure to cleave the Listeria antibody into Fab' fragments involved

two steps. The first required the cleaving of the entire antibody into F(ab)2 fragments

and the second involved the cleaving of this F(ab)2 fragment into the Fab' portions (a
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schematic representation of an antibody is shown in Figure 3.1 highlighting the F(ab) 2
and Fab' portions of the antibody).

The antibody was cleaved using an enzyme which splits the antibody into the F(ab)2 and
F c portions.16 The F(ab) 2 fragments obtained from Tecra Diagnostics were reduced to
the Fab' fragments using the following procedure:

• preparation of a 0.1M mercaptoethanolamine (2-MEA) in 0.1M pH 6.0 phosphate
buffer

• addition of 55ul of this solution to 500ul of F(ab)2 fragments (at a concentration o
1.6mg/ml)

• incubation of this solution at 37°C for 1.5hr

• centrifugation of the reduced F(ab)2 solution, after which the reaction solution was
decanted using a 0.22u.mfiltersyringe
• rinse buffer exchange apparatus with pH 6.0 phosphate buffer
• addition of reduced F(ab)2 solution was made and 1ml of pH 6.0 buffer added
• collection of elution in 1.0ml Eppendorf containers

• duplication of elution procedure to obtain 10 separate elutions

• fractions containing the highest amount of Fab' (determined using UV/vis at A28onm)
were pooled without contamination of unreduced F(ab) 2
• the final concentration of the Fab' was then measured spectrophotometrically at
A280nm-
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3.2.3.5 Addition of Fab' fragments to the P P y - p T S - P M C P y A H P T P polymers

After the antibodies were cleaved into Fab' fragments, these fragments were reacted
with the conjugated P P y - p T S - P M C P y A H P T P

polymer to form the PPy-pTS-

P M C P y F a b ' polymer. The procedure followed required the polymer to be soaked in
0.1M H N O 3 for lOmin, followed by thorough rinsing with Milli-Q water prior to
reaction with the Fab'. lOOul of Fab' fragments at a concentration of 0. lmg/ml were
added to the polymer and allowed to incubate at room temperature for 1 Omin. After the
reaction, the polymer was then rinsed thoroughly with Milli-Q water to remove any
unreactedFab' fragments.

Figure 3.1

Schematic representation of an antibody, highlighting the F(ab)2 and Fab' portions of
the antibody. The Fc fragment contains the antibody effector functions, such as
complement

activation, cell membrane

receptor interaction and transplacental

transfer.17 In the Fc portion, the carbohydrate moieties locate at the CH2 domain and
the binding sites for Fc receptors locate between the CH2 and CH3 domains. The F(ab)2
fragment contains two identical Fab' fragments, which are held together by the
disulfide linkages in the hinge (H) region. The Fab 'fragments are divided into the light
and heavy variable (V) and constant (C) chains. '
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3.2.3.6 E L I S A experiments

Tecra Diagnostics ELISA test kits for Listeria were used for the analysis of the PPy-a
films grown on gold film. The method described in the test kit was altered for the
purpose of this study. Instead of using wells with Listeria antibodies coated on the
inside, clean wells were used. The wells were blocked using a 1% glucose solution

(incubated in the wells for 20min at room temperature) to inhibit non-specific bindin

the plastic wells. This guarantees that the only surface containing the anti-Listeria
polymer on the bottom of the well. The polymer films were grown galvanostatically on

sheets of gold film (gold coated Mylar). Two circular samples were cut out of this fil
and placed in the bottom of two adjacent wells in the ELISA plate. Duplicate samples

were used for each polymer to act as the positive and negative controls. The ELISA was
then completed as specified in Section 2.2.3.2.

3.3 Results and Discussion

In this study three different electrochemical polymerisation techniques were compared.
These were the galvanostatic, potentiostatic and potentiodynamic methods of
polymerisation. Polymers were successfully polymerised using these methods, however,
it was observed that the resulting cyclic voltammograms recorded showed the polymers
grown using either potentiostatic or potentiodynamic methods were less electroactive,
conductive, or reproducible than those grown using the galvanostatic technique.
Polymer adhesion to the electrode surface was also found to be greater in those
polymers grown using galvanostatic techniques. It is also generally considered that
galvanostatic growth is the method of choice as it implies greater control over the
growth process than the other two methods.20 For these reasons galvanostatic methods
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were employed throughout this study, and are discussed in detail in the following
results.

3.3.1 Physical Entrapment

The physical entrapment of the antibody into a conducting polymer matrix was the
simplest method of immobilisation used in this study. Physical entrapment methods
have been successfully used by others for the immobilisation of enzymes ' or
O'X OA

antibodies ' into a conducting polypyrrole film.

Characterisation of the PPy-aLis polymer films

The PPy-aLis polymer film was prepared galvanostatically according to the following
reaction:

•Q -___7~]jryv

Ai

N OXIDISE ANA

^L_! I ...OD
where: Ab" is the counterion, which in this case is the Listeria antibody.

Polymer growth was monitored using chronopotentiometry (Figure 3.2). The shape of
the chronopotentiogram is typical of those reported in the literature for the growth of
conducting polymer.25 The chronopotentiogram is characterised by four important
points, which are labelled (1) through to (4). Point (1) refers to time = Os, when the
galvanostat is turned on. This is immediately followed by a sharp increase in potential
leading to a potential spike (2). This potential spike corresponds to the potential
required to initiate the polymerisation of the pyrrole monomer. In this experiment, the
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potential was approximately 0.85V. After the initial potential spike, there is a rapid
decrease in potential ((2) to (3)), which lasts for approximately 20sec. After this time,
the chronopotentiogram flattens out into a continually decreasing potential observed
from point (3) to (4). This continual decrease in potential observed between points (3)
and (4) is indicative of the continued growth of a conducting polymer. If this potential
increases after the initial current spike, then the resultant polymer film is an insulating
rather than conducting film. The last important feature on the chronopotentiogram is
point (4). This point corresponds with the potential reached at the end of the
polymerisation reaction. If the potential at which the pyrrole m o n o m e r polymerises is
too high, then the polymer m a y become over-oxidised.26 A t lower potentials, this leads
on

to chain termination

and at higher potentials results in loss of conductivity,

electroactivity, and physical properties such as mechanical stability on the electrode
surface.28 It is therefore important to monitor the growth of the polymer film using
chronopotentiometry to ensure that polymer film integrity is maintained during the
polymerisation process.
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After the growth of the PPy-aLis film, a cyclic voltammogram w a s recorded in 0.15M
N a N 0 3 to ensure that the film possessed good conductivity and electroactivity. A
typical cyclic voltammogram of a PPy-aLis film appears in Figure 3.3. T h e
voltammogram consists of two well-defined redox peaks. T h e oxidative response occurs
at 0.035V and the reduction peak occurs at -0.05V. The formal potential (Equation 12)
for a reversible couple is centered between E p a and E pc , 29 therefore, the E° value for this
polymer can be approximated to be -0.01 V .

• •(12)
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-0.8
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-0,6
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0

0.2

Potential < V )

Figure 3.3

A typical cyclic voltammogram recorded in 0.15MNaNOs

after the growth of the PPy-

aLisfilmon a platinum disc electrode. Scan rate lOOmV/s. Growth conditions as per
Figure 3.2.

A comparison of the PPy-aLis film can be made with another simple conducting
polymer film, P P y - N 0 3 . T h e cyclic voltammetric response of the P P y - N 0 3 film
prepared galvanostatically under the same conditions as the PPy-aLis w a s recorded
(Figure 3.4). T h e differences in m o n o m e r solution were that 0.15M N a N 0 3 w a s used as
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the supporting electrolyte for the m o n o m e r solution and no antibody w a s present.
Comparing the voltammetric responses, it can be observed that the redox peaks
associated with the pyrrole for the PPy-N03 film are at different potentials to those
the PPy-aLis film. The oxidation peak for this polymer appears at -0.09V and the
reduction peak at a potential of -0.40V. This relates to a E° value of -0.24V (using

Equation 12). Since the addition of differing counterions into the polypyrrole matrix

effect the redox activity of the polymer, the differing E° values obtained for the two
polymers suggests that the Listeria antibody has been immobilised in the polypyrrole
matrix.
I
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Figure 3.4 A cyclic voltammogram recorded in 0.15M NaN03 of a PPy-N03 film grown
galvanostatically on a platinum electrode from a 0.1M NaN03, 0.5M pyrrole solution
for Wmins at a current density of l.OmAJcm2. Scan rate lOOmV/s.

3 J.l.l Comparison of electrode substrate

A comparison between different electrode substrates was conducted to determine the
effect on the physical properties of the polymer film produced. Platinum, gold, and

glassy carbon disc electrodes were compared. PPy-aLis polymer films were grown on all

three substrates from a 0.5m Pyrrole, lOOppm anti-Listeria solution at a current densi
of 1.OmA/cm2 for lOmin. However, the films polymerised on glassy carbon electrodes

grew at lower growth potentials than those on the other metal substrates (Figure 3.5)

Chapter 3 - Immobilisation Techniques

The

resultant polymer

also showed

11
better defined redox

activity

in cyclic

voltammograms recorded in a 0.15M NaN03 supporting electrolyte after growth (Figure
3.6).

After cycling in 0.15M NaN03 for 10 cycles, polymer films on the platinum and gold
electrodes became mechanically less stable. The subsequent voltammogram recorded
(Figure 3.7) shows a diminished response and redox activity compared with the original
film in Figure 3.6a. These films were also easily removed from the electrode substrate.
This was not observed with the glassy carbon electrode substrate.

Good polymer adhesion to the electrode substrate is important in the development of a

biosensor to maintain robustness, sensor life and the integrity of the polymer-substrate

interaction. It would be expected that with a reduction in adhesion of the polymer to the
electrode substrate, sensitivity of the sensor would be reduced or at worst, all signal
would be lost. Therefore, from these results it was decided that the glassy carbon disc
electrode was the superior substrate of choice for the growth of PPy-aLis polymers and
hence, glassy carbon electrodes were used for the remainder of this study.

Another important factor in substrate selection is the reversibility of the polymer.
Comparing the ratio of Ipa/Ipc for each film grown on the three different electrode
substrates shows that the polymer grown on the glassy carbon substrate demonstrates the

best reversibility. The Ipa/IpC ratio for the glassy carbon electrode is 0.9, which is ve
close to the ideal value of 1.0, for a completely reversible system. The platinum

electrode showed the least reversibility with a ratio of 0.45 and the gold electrode Ipa
between these two values. For a redox system that possesses a non-ideal Ipa/Ipc ratio, a

bias exists towards one of the redox reactions. That is, if the value is lower than 1.0,
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oxidation reaction is favoured over the reduction reaction whereas if the value is above
1.0 then the reverse is true. In the above results, it can be suggested that the oxidation
process is favoured in the PPy-aLis films.
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Figure 3.5

Comparison of chronopotentiograms showing the growth potentials of PPy-aLis films
grown on different electrode substrates, a) platinum, b) gold and c) glassy carbon disc
electrodes. Polymers grown from a 0.5m Pyrrole, lOOppm
1.OmA/cm2 current density for lOmin.
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Figure 3.6

Comparison of cyclic voltammograms showing the redox activity of PPy-aLis films

grown on three different electrode substrates, a) platinum, b) gold and c) glassy carbon

disc electrodes. 0.5m Pyrrole, lOOppm anti-Listeria, 1.0mA/cm2 current density, lOmi
growth time. Scan rate = WOmV/s.
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Figure 3.7 Cyc/z'c voltammogram recorded after the cycling of a PPy-aLis film grown on a Pt disc
electrode. Scan rate lOOmV/s. 0.5m Pyrrole, lOOppm anti-Listeria, l.OmAJcm2 current
density, lOmin growth time. Scan rate = WOmV/s.

3.3.1.2 Effect of current density

The effect of current density was determined with reference to redox activity and gro
potential and the results appear in Table 3.1. Films were grown at current densities
0.25, 0.5, 1.0 and 2.0 mA/cm . The monomer solution constituents remained constant
and the growth time remained at 7 min.

Table 3.1

Current Density Growth Potential Peak Current

Polymer

Growth Time

PPy-aLis

7 mitt

0.25 mA/cm 2

0.65V

0.06 m A

PPy-aLis

7 min

0.5 mA/cm 2

0.70V

0.08 m A

PPy-aLis

7mia

1.0 mA/cm 2

0.75V

0.15 m A

PPy-aLis

7miri

2.0 mA/cm 2

0.95V

0.20 m A

Summary of results obtainedfor the effect of increasing current densities employed

during polymerisation of PPy-aLis polymers on glassy carbon electrode substrates.
Values reported are the average of duplicate measurements.

The polymer films grown using the galvanostatic method of polymerisation were found

to be both electroactive and conductive. Films grown at either low current density or

short growth times were found to be less electroactive or conductive than those grown
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for

longer

periods.

The

growth

81
potentials

observed

from

the

recorded

chronopotentiograms were shown to increase with increasing current density, with a
large increase in growth potential between polymers grown at current densities of 1.0
and 2.0mA/cm2. The peak current values were obtained by measuring the Ipa maximum
for the Epa peak recorded at a scan rate of lOOmV/s. The redox activity was also
observed to change with increasing current density. Peak currents recorded immediately
after growth (from cyclic voltammograms recorded in 0.15M NaN03) for the films
grown at different current densities were observed to increase with increasing current
density. There was a significant increase in peak current observed for the film grown at
0 0

1 .OmA/cm compared to the film grown at 0.5mA/cm . For thin polymers such as those

used in this study, the increase in peak current is most likely due to an increase in the
on

electroactive surface area or increased amount of the polymer.

At high current densities, such as those above 1. OmA/cm2, the films appeared to overlap

the edges of the disc electrode and cover some of the plastic substrate. Similarly, if th
growth time was too long, the film also became quite thick and began to overlap the
electrode surface. It would be expected that this would result in slower communication
from the solution/polymer interface to the polymer/electrode interface. This slower
electrical communication would result in either diminished sensitivity and/or response
time of the sensor.31

It was also observed that the mechanical stability decreased for films grown at higher
current densities or longer growth times. The fact that the outer layers of the polymer
were easily removed from the layer immediately attached to the electrode substrate
provides evidence for this, and explains the observed decrease in conductivity and
electroactivity of the film.
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3.3.1.3 Effect of polymerisation time

The polymerisation time was also found to have an impact on the redox activity and
growth potential of the PPy-aLis films. Maintaining a current density of 1.0 mA/cm2

whilst changing the polymerisation time produced results similar to those observed in
section 3.3.1.2 above. The peak currents (obtained by measuring the Ipa maximum for
the Epa peak recorded at a scan rate of lOOmV/s) and growth potentials observed are
summarised in Table 3.2.
1 Polymer

Growth Time

5 min

1.0 mA/cm

0.80 V

0.08 m A

PPy-aLis

7 min

LO mA/cm

2

0.75 V

0.13 m A

PPy-aLis

10 min

1.0 mA/cm

0.70 V

0.20 m A

PPy-aLis

15 min

1.0 mA/cm 2

0.70 V

0.22 m A

PPy-aLis

Table 3.2

Current Density Growth Potential Peak Current

Summary

of results obtained for the effect of increasing polymerisation time during the

growth of PPy-aLis films grown on a glassy carbon electrode substrate. Values
reported are the average of duplicate measurements.

The above table can be summarised as follows: the peak current increases with

increased polymerisation time, while the growth potential decreases until a plateau i
reached above a polymerisation time of 10 min. The corresponding increase in peak
current is also observed to plateau at growth times above lOmin.

3.3.1.4 Effect of antibody concentration

The effect of increasing the antibody concentration in the monomer solution was

investigated. Concentrations of 50, 100, 250 and 500 ug/ml anti-Listeria were added t
the monomer solution before polymerisation (Table 3.3).
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Polymer Growth Time Antibody Cone. Growth PotentialPeak Current 1

PPy-aLis

7 min

50 ng/ml

0.70 V

0.11mA

PPy-aLis

7min

100 fig/ml

0.75 V

0.16 m A

PPy-aLis

7min

250 ng/ml

0.85 V

0.19 raA

PPy-aLis

7min

500 ng/ml

0.95 V

0.18 m A

Table 3.3

Summary of results obtained for the effect of increasing the antibody concent

the monomer solution. Polymers were grown on glassy carbon electrodes and the
values reported are the average of duplicate measurements.

This table indicates that for increasing antibody concentration in the monomer solution,
there is an increase in growth potential and a general increase in peak current for the

resultant polymer films. The increase in growth potential is most likely due to the highe
resistance and lower conductivity in the monomer solutions containing higher antibody
concentrations.

If the amount of immobilised antibody was increased in the polymer matrix, then it
could be suggested that this would have an effect on the conductivity of the film. Since
antibodies are large polyelectrolyte entities with a molecular weight of approximately
80,000 daltons, it would be expected that the resulting polymer containing antibody
would be porous, with the porosity increasing with increased amount of antibody

trapped in the polymer. It would follow that the more open the matrix is, the easier it i
for anion and cation movement in and out of the polymer, increasing the polymer
electroactivity.32

The increase in peak current shown is not as significant as those increases observed with

the previous set of experiments. There is also some irregularity in these, indicated by t
variation in results obtained for the same polymer type. This irregularity shows that
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interpretation of the polymerisation process is complex and difficult and can only be
shown as trends.

3.3.1.5 Comparison with PPy-aSal

As films polymerised with the anti-Listeria as the counterion possess different physi

characteristics than those polymerised with a simple anion such as N03", PPy-aSal film
were used for a more direct comparison. It would follow that films polymerised with
anti-Salmonella as the counterion would mimic the physical and chemical properties of
the PPy-aLis more closely than the corresponding PPy-N03 films. The Salmonella

antibody was chosen as its properties resemble those of the Listeria antibody, includ
molecular weight and isoelectric point. Variations in polymer response would be
expected for the PPy/N03 films since the polymer matrix would be denser and more
closely packed than the PPy-aLis or PPy-aSal films, as antibodies are much larger in
size than the corresponding N03" anion.

Films grown with the Salmonella antibody visually resembled those of the PPy-aLis
films. The growth potential for the PPy-aSal was 0.70V, which was similar to the

growth potential for the PPy-aLis polymer. A typical chronopotentiogram for the growth

of PPy-aSal appears in Figure 3.8. The current spike on the chronopotentiogram is much
sharper than the corresponding spike on the PPy-aLis chronopotentiogram, indicating
that the polymerisation process reaches the growth potential much quicker than during
the growth of the PPy-aLis film.
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Figure 3.8

Chronopotentiogram of the growth of the PPy-aSalfilm.0.5M Pyrrole, lOOppm asal,
lOmin growth time and 1.OmA/cm2current density.

Voltammograms for the PPy-aSal film were very similar to those observed for the PPyaLis polymers (Figure 3.9). The oxidation peak occurred at +0.10V and the reduction

peak was at -0.10V. By using Equation 12, the E° value for this polymer can therefore
be approximated to be 0V. Comparing this value to the E° value of the PPy-aLis
polymer, it can be observed that the PPy-aSal polymers formal potential is

approximately 0.1V more positive. This means that in comparison to the PPy-aLis film,
the PPy-aSal polymer is harder to oxidise.
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Figure 3.9

Cyclic voltammogram of the PPy-aSal film, recorded in 0.15M NaN03.
20mV/s. Growth conditions as for Figure 3.8.

Scan rate
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3.3.1.6 Comparison of films using E L I S A

Enzyme Linked Immunosorbent Assay's were used extensively as a means of
characterising the PPy-aLis films to determine whether they would bind the Listeria
microorganisms. This was important because an immobilised antibody must remain
accessible to the associated Listeria antigen to perform effectively during sensing.

The results in Table 3.4 are absorbance values recorded on a plate reader, immediately
after the ELISA experiment was completed. The absorbance values in the right hand

column are the results obtained for the two polymer samples. The first of these number
is the result obtained for the polymer incubated with the Listeria microorganisms

(positive control) and the second value is the result obtained for the polymer incuba

with the blank (negative control). The ratios of these two results indicate that the v
obtained for the positive experiments are significant. The higher positive results

obtained suggest that there is binding occurring to the accessible antibody immobilis

in the polymer. The negative control result provides an indication of the amount of no
specific binding that has occurred to the polypyrrole film.

In summary, it can be concluded that the optimal absorbance value was recorded for
films grown for lOmins at a current density of 1.OmA/cm (#2). For growth times longer
than lOmins (#1), the absorbance values were consistently lower than for those
polymers grown for lOmins. Similarly, for growth times shorter than lOmins (#3), the
absorbance value was significantly lower than those grown for lOmins. For a five-fold
increase in concentration of antibody in the monomer solution (#5), the absorbance
value did not increase substantially. However, the highest recorded absorbance value
was again for the polymer grown for lOmins at a current density of 1.OmA/cm . The
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comparison of current density indicated that a film grown at 0.5mA/cm 2 for 14rnins
(#11) gave the highest absorbance value. This result was much higher than for the
corresponding film grown for 7 min at 1.OmA/cm2 (#9) and for the lOmin at 1.OmA/cm2
(#8) film in this set of experiments.

The results obtained for the blanks, PPy-aSal (#13 and 14), and PPy-N03 (#15 and 16)
show that there is no significant binding of the Listeria to these polymer films. This

means that there is no non-specific binding occurring with the polypyrrole itself or cro

reactivity to the Salmonella antibody. This result is important for future experiments in
both this section and the next chapter (signal generation). It can therefore be assumed
that any response obtained is due to the binding of the antigen to the antibody and not
binding to other non-specific binding sites.

The results shown in the table highlight a lack of reproducibility between polymer films.
This reinforces an underlying problem with reproducibility inherent in the direct
incorporation of an antibody into a polymer film. This irreproducibility was observed in

the earlier sections of this study, characterising the growth variables (current density,
monomer solution concentrations and growth times) that were employed for the

polymerisation of the PPy-aLis films. This inherent problem is a lack of control over the
way in which the antibody is incorporated into the film, often leaving the antibody
buried in the polymer matrix and inaccessible to the targeted antigen.
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1 Sample #

1

1

Polymer

PPy-aLis

fa/is/ Growth Time

ppm

(min)

100

20

Current Density
mA/cm*

1.0

Abs.
(±0.030)
0.355
0.078

_

PPy-aLis

100

10

1.0

0.448
0.089

3

PPy-aLis

4

PPy-aLis

100

/

LO

0141
0.059

500

15

1.0

0.130
0.066

5

PPy-aLis

500

10

1.0

0.499
0.101

6

PPy-aLis

500

7

1.0

0.264
0.061

7

PPy-aLis

500

5

1.0

0.151
0.079

8

PPy-aLis

100

10

1.0

0.347
0.063

9

PPy-aLis

100

7

1.0

0.350
0.061

10

PPy-aLis

100

20

0.5

0.128
0.063

11

PPy-aLis

100

14

0.5

0.483
0.064

12

PPy-aLis

100

10

0.5

0.391
0.059

13

PPy-aSal

na

10

1.0

0.092
0.058

14

PPy-aSal

na

7

1.0

0.072
0.059

15

PPy-N0 3

na

10

1.0

0.058
0.050

16

PPy-N0 3

na

7

1.0

0.069
0.061

A table showing the results obtainedfor the ELISA experiments carried out for the

different PPy-aLis, PPy-aSal and PPy-N03 films grown on goldfilm electrodes. Valu
shown are averages of duplicate measurements.
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3.3.1.7 Electrochemical Quartz Crystal Microbalance

QCM and EQCM were employed in the characterisation of the PPy-aLis polymer films
for two reasons. Q C M was employedfirstlyto monitor the polymer deposition during
polymerisation, and secondly E Q C M was employed to characterise the ion-exchange
processes involved during cycling of the polymer film.

Polymer Deposition

Figure 3.10 shows the change in frequency recorded upon the lmin growth of a
PPy/N0 3 film at a current density of 1.OmA/cm2. The change in frequency is
approximately 7.8 kHz. The growth times of these polymers were kept to lmin as this
was found to produce films with a background frequency within the working range of
the E Q C M equipment being employed (0 - 70kHz). Growth times longer than 3min
were found to producefilmswith very high background frequencies (>100kHz).

Figure 3.10

EQCM

response indicating the change infrequencyobserved during the deposition of a

PPy/N03 film. 0.5M Pyrrole, lOOppm alis, lmin growth time and l.OmAJcm2 current
density.

Using the correlation made by Ayad,33 the thickness of the PPy/N03 film could be
approximated to be 96.2um. Comparing this result to the amount of polymer deposited
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during the growth of a PP/alis film (Figure 3.11), it can be observed that there is a
greater decrease in frequency recorded for the growth of the PP/alis film. From the

frequency output, it can be observed that the change in frequency during deposition wa
10.3 kHz. Assuming the two polypyrrole polymers deposit similarly during the two
experiments, it would follow that the difference in weight between the PPy/N03 and
PPy-aLis films would be due to the uptake of the heavier antibody.

Increasing the concentration of the antibody in the monomer solution to 250ppm and
repeating the experiment resulted in a decrease in frequency of 12.2 kHz. As expected
this change in frequency is somewhat higher than the mass increase observed for the
above polymer grown from a monomer solution containing lOOppm anti-Listeria.

Similarly, when the polymer deposition time was increased, larger changes in frequenc
were also observed. These observed changes in frequency during polymer growth can be
attributed to an increased uptake of antibody from the monomer solution into the
polymer matrix.

N
'__
:

, >~

w Af- 10,3 kHz

Figure 3.11

EQCM

response indicating the change infrequencyobserved during the deposition of a

PPy-aLis film. 0.5M pyrrole, lOOppm alis, lmin growth time and current density =
l.OmAJcm2.
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This is the opposite to the results obtained using E L I S A (Section 3.3.1.6) which showed

no significant increase in accessible antibody with an increase in either deposition time
or antibody concentration in the monomer solution. The reason for this is that the
EQCM results are not dependent on the antibody viability or position within the
polymer film. This is because antibody position does not affect the total mass of the
polymer, which EQCM measures indirectly. ELISA results on the other hand are very
dependent on the accessibility of the antibody to a targeted antigen, as it is only the
detection of viable binding sites that gives a positive result. The problem of antibody
burial is discussed in further detail in Section 3.3.3.

Ion-exchange Processes

Conventional EQCM methods provide information about the ion-exchange processes
that occur during the oxidation and reduction of the polymer film. Cyclic voltammetry
can be carried out simultaneously to ensure polymer integrity is maintained during the
experiment. Figure 3.12 shows the cyclic response from a PPy-aLis film recorded in
0.15M NaN03. The response indicates that during periods of oxidation, anion ingression

is occurring (0V to +0.4V), whilst during the reverse process, anion release is occurring
(0V to -0.4V). The flat response in the region between -0.4 to -0.8V shows that no
cation uptake occurs during the redox cycling of this particular polymer.
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Figure 3.12

Cyclic histogram showing the change infrequencyassociated with the redox cycling of

a PPy-aLis film grown on a gold QCM crystal. Growth conditions are as Figure 3.11,
Scan rate 20mV/s.

3.3.2 Co-immobilisation

The direct incorporation of the Listeria antibody into the polypyrrole matrix showed t
it was possible to increase antibody concentration within the polymer. However, it was

also shown that this increase in concentration did not result in an increase in access
antibody. Since the antibody needs to be accessible to the targeted antigen to make
physical contact between the two biological entities possible, a new method of
immobilisation was investigated.

Co-immobilisation during the polymer deposition stage offers the ability for uptake of
more than one counterion. This allows the simultaneous immobilisation of other
counterions with the Listeria antibody.

The use of polyelectrolytes to co-immobilise biological components in conducting

polymers has the advantage of increasing the uptake of the biological component during
polymerisation. As a result, the polymer matrix is opened up allowing easier access to
the targeted analyte.2
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3.3.2.1 Characterisation of PPy-aLis-DS films

In this study the polyelectrolyte Dextran sulfate (mw = 50,000) was used as the
additional counterion. Dextran sulfate has previously been used successfully to increase
1 0

porosity within a polypyrrole film.

Initially the Dextran sulfate was added to the monomer solution at a concentration of 1.0
mg/ml. During the growth of the PPy-aLis-DS polymer (Figure 3.13), it became obvious
that the growth potential of the polymerisation was significantly lower than for the
growth of the PPy-aLis polymers (0.55V versus 0.75V for the PPy-aLis response — refer
to Section 3.3.1). A low anodic growth potential is favorable in the polymerisation
process to maintain the integrity of the biological component and to inhibit the possible
over-oxidation of the polymer.34

Figure 3.13

Chronopotentiogram of the growth of the PPy-aLis-DS polymer, grown with lmg/m

dextran sulfate. 0.5Mpyrrole, lOOppm alis, lmg/ml dextran sulfate, l.OmAJcm2 current
density and lOmin growth time.

A cyclic voltammogram of the PPy-aLis-DS polymer was recorded in 0.15M NaN03
(Figure 3.14). The oxidation peak occurs at -0.13V and the reduction peak occurs at
-0.40V. The E° (obtained using Equation 11) is therefore -0.26V. This E° value is more
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negative than the PPy-aLis polymer indicating that this polymer is easier to oxidise than

the PPy-aLis film. This electron rich polymer suggests that a greater number of negat

charges are contained in the polymer, either as polyelectrolyte or the Listeria antibo

0.8
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:

: •

: g 0
f

_

: O

: -0.8

Figure 3.14

Cyclic voltammogram recorded in 0.15MNaNO3

of the PPy-aLis-DS polymer. Growth

conditions as for Figure 3.13. Scan rate 20mV/s.

As a comparison, new polymers were grown using higher concentrations of Dextran
sulfate and compared with the polymers grown with lmg/ml DS. The concentration was
increased to 2.5mg/ml, which was the value successfully employed in the work reported
by Hodgson et al.12 Increasing the concentration of dextran sulfate in the monomer
solution was expected to increase the uptake of either the dextran sulfate or the
antibody. The growth potential under which the polymer polymerised decreased
compared to the polymer grown with lmg/ml dextran (Figure 3.15). The cyclic
voltammogram obtained for the film grown from the more concentrated monomer
solution is shown in Figure 3.16.

There is a change in redox potential in comparing the voltammograms in Figures 3.14
and 3.16 which provides evidence of increased counterion uptake. It is suggested that
the increase in dextran sulfate concentration is responsible for lowering the polymer
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growth potential. Either this could indicate an increased amount of dextran sulfate, or
anti-Listeria was immobilised in the film. Without the use of radio-labeling
experiments, this study could not decipher which counterion uptake was increased.
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Figure 3.15

Chronopotentiogram for the growth of a PPy-aLis-DS film grown from a monomer
solution containing 2.5mg/ml dextran sulfate. 0.5M pyrrole, lOOppm alis, lmg/ml
dextran sulfate, l.OmAJcm2 current density and lOmin growth time.
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Figure 3.16

Cyclic voltammogram of the PPy-aLis-DS film grown from 2.5mg/ml dextran sulfate.
Growth conditions as for Figure 3.15. Scan rate 20mV/s.
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3.3.2.2 Characterisation of films using E L I S A

The polyelectrolyte containing films were also characterised using ELISA. These

experiments were again carried out to ascertain the amount of antibody accessible to th
Listeria after growth of the polymer film. Two sets of polymers were grown with the
two different concentrations of dextran sulfate in the monomer solution (lmg/ml and
2.5mg/ml). The results obtained for these experiments are reported in Table 3.5.

From a comparison of these results, it can be concluded that there is no increase in

antibody accessibility achieved by using a higher concentration of dextran sulfate in
monomer solution. In summary, for the lmg/ml concentration of dextran the
absorbances increase with longer growth times. This is true for the polymers grown
from the monomer solution containing lOOppm antibody (#'s 1-6). However, for the
polymers grown with 500ppm antibody (#'s 7-12), there are no general trends. The
absorbances obtained from one polymer to the next are extremely varied. For example,
there are higher absorbance values for the polymers grown using a 0.5mA/cm2 current
density than for those grown at 1.0 mA/cm2.

The reproducibility between these polymers was also found to be poor, which is a
similar result to that observed for the PPy-aLis films.

Since the absorbance value obtained is due to the binding of the Listeria to the antibo
in the polymer, it must be remembered that these values are only indicative of the
accessible antibody, not total antibody incorporated. A true value could be obtained
using radioisotope experiments.35 However, the ultimate aim of this study is to

determine whether the antibodies are in fact accessible, not only immobilised. Analysis

of the results in the above table shows that there is in fact less accessible antibod
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PPy-aLis-DS films than the respective PPy-aLis films grown without the dextran sulfate

polyelectrolyte. This result suggests that in this application, the use of dextran sulfate
the monomer solution to increase polymer porosity was not applicable to a Listeria
sensor.
Polymer #

Growth Time
(min)

1

_

3
4
5

6
.7
8
9
10
11
12

10
7
5

20
14
10
10
7
5

20
14
10

Current Density /alis/
(mA/cm?)

1.0
i.O
1.0
0.5
0.5
0.5
1.0
1.0
1.0
0.5
0.5
0.5

(ppm)

100

too
100
100
100
100
500
500
500
500
500
500

Abs.

Abs.

1 mg/ml 2.5 mg/ml
DS

DS

0.298

0.119

0.059

0.057

0,181

0.058

0.072

0.050

0.139

0.057

0.062

0.042

0.247

0.055

0.057

0.070

0.132

0.139

0.062

0.056

0.154

0.106

0.067

0.040

0.088

0.141

0.064

0.040

0.129

0.231

0.071

0.071

0.099

0.287

0.068

0.096

0.174

0.191

0.069

0.059

0.136

0.247

0.058

0.061

0.154

0.163

0.059

0.060

____________________________________________________________________________•

Table 3.5

Table summarising the results obtainedfor the ELISA experiments for the

PPy-aLis-DS polymers grown on goldfilm electrodes. Values are averages of
duplicate measurements.
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3.3.3 Reproducibility Problems

The physical entrapment and co-immobilisation methods used to immobilise antibodies
into a conducting polymer matrix may be the simplest methods available, however it

was found for this particular application that they are not ideal. A major disadvantage
that they suffer from a lack of reproducibility between polymer films. This problem
becomes obvious when the results from the ELISA and other earlier experiments are
compared. This lack of reproducibility makes comparison of results between polymer

films difficult, as the physical and possibly the chemical composition of the film cann
be assumed to be the same for different polymers.
One possible explanation for this lack of reproducibility is the way in which the
antibodies are immobilised. The entrapment of the antibody is not systematic and

therefore is not reproducible. That is, the way in which the antibody is entrapped in th

polymer matrix is entirely random (Figure 3.17). The antibody can orientate itself in an
direction and can be either partially or fully submerged within the conducting polymer
film. This lack of orientation leads to a lack of reproducibility between films.

Figure 3.17

Schematic representation of possible orientation problems that can be encountered in
the entrapment of antibodies in conducting polymers during immobilisation.
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If the antibody is not accessible to the targeted antigen then the sensors' usefulness is
limited. It has been shown that if the antibody is buried in the polymer matrix the
antigen cannot make contact with it and therefore no interaction is observed. Increasing
the channel size in the polymer matrix did not enhance these results. When the antibody
was accessible (on or near the surface of the polymer) an interaction was observed,
indicating that the potential for a conducting polymer based Listeria sensor is viable.

Therefore, it became apparent that it is important to orientate the antibody and also
increase its concentration at the polymer surface. In doing so, accessibility to the
targeted antigen would be expected to increase, which would have the effect of
increasing reproducibility between films.

3.3.4 Covalent Attachment

To overcome the problems of orientation and reproducibility encountered with the use
of the first two methods investigated in this study, covalent attachment of the antibody
to the polymer backbone was considered. Immobilisation through covalent attachment
appeared to be a superior method to physical entrapment and co-immobilisation in two
ways. Firstly, the orientation problems could be overcome by creating a link between the
antibody and the polymer itself, and secondly, with this corresponding increase in
control the reproducibility problems between polymer films could be addressed. The
main advantages of covalent attachment over another commonly used linkage system

such as streptavidin-biotin binding, is that the bond would be covalent, providing greate
strength, and electron flow along this conjugated link between the antibody and
polymer. Additionally, the antibody would also be in closer proximity to the polymer

100
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surface, which would allow a greater chance of obtaining a direct signal for the antigenantibody interaction.

Reports in the literature discuss the advantages and disadvantages of covalent binding t
electrode surfaces36 and modified surfaces.37 O n e major disadvantage considered here is
that the use of the whole immunoglobulin leads to its' diminished binding ability w h e n
the immunoglobulin is covalently attached to solid matrices or modified surfaces such
as conducting polymers.10 This results in immunosorbents of suboptimal activity with
specific binding capacities less than those of soluble antibodies. T h e m a x i m u m specific
reactivity of an immobilised antibody is two, however reported values are typically
m u c h less than this.38,39 This is often due to the spatial orientations of the antibodies
resulting from the random immobilisation procedure undertaken. Multi-point attachment
of the antibody m a y also occur, placing some of the antibody receptors close to the
support surface that would also result in a reduced reactivity. A d d e d to this list would be
the problems discussed earlier in this study, where the immobilised antibody is
inaccessible to the targeted antigen.

Reports have shown that removing unnecessary protein domains (such as the Fc
40

fragment) can be quite beneficial in improving the total capacity of an immunosorbent.
This also overcomes the problem of steric hindrance associated with the immobilisation
of the whole immunoglobulin. U s e of the Fab' fragments m a y also result in an improper
orientation, however the protein should remain flexible due to the single attachment site.
18

Thus, the combining site should remain equally accessible to the targeted antigen.

In addition to low specific activities, immobilised antibodies typically exhibit lower
binding affinities (K) than their soluble counterparts. Moreover, the binding affinity
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usually decreases as the loading of immobilised antibody increases. This trend is
generally attributed to steric hindrance, or physical blockage of neighbouring antibody
combining sites by bound antigens at high surface concentrations of antibody.19

The antigen binding site is positioned at the amino end of each Fab' fragment. In normal
coupling schemes, coupling does not discriminate between possible attachment points
near or removed from the specific binding site (or sites), which results in spatial
orientation of antibodies on the supports that might prohibit formation of an antibodyantigen complex 18

For these reasons, it was decided to use Fab' fragments covalently attached to the
polypyrrole backbone to increase both orientation and reproducibility.

3.3.4.1 Growth of PPy-pTS-PMCPyFab' polymers

The covalent attachment method chosen required the completion of four steps as
described in Figure 3.19. Step 1 required the growth of a substituted pyrrole with a
carboxylic acid group attached to the pyrrole monomer. The monomer chosen was a
substituted 3-methyl-4-carboxylie acid pyrrole, with a structure shown in Figure 3.18.
The procedure for this reaction is detailed in Section 3.2.3.2.

Figure 3.18

Structure of 3-methyl-4-carboxylic acid pyrrole.
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Schematic showing the steps involved in the attachment of the antibody to the
polypyrrole backbone.

The monomer solution for the polymerisation of the substituted polymers contained
acetonitrile, 0.1M 3-methyl-4-carboxylic acid pyrrole monomer (MCPy), and 0.1M pTS
as the counterion. A film was initially grown using the polymerisation conditions

optimised for the growth of the PPy-aLis films in Section 3.3.1, 7 min at a curren
density of 1.OmA/cm2. Figure 3.20 shows the chronopotentiogram recorded for the
growth of the PMCPy/pTS polymer under these conditions.

The potential at which the PMCPy film grew was 0.60V. The chronopotentiogram is
similar to that described for the growth of the PPy-aLis and PPy-aLis-DS films.

However, there are two differences to note. The initial potential spike is very sh

(indicated by the No.l in Figure 3.20), indicating quite rapid initial growth of th
polymer. Secondly, the anodic growth potential is kept to a minimum, as there is

virtually no decrease in growth potential to the final value of 0.60V compared to
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gradual decrease in potential observed during the growth of the PPy-aLisfilms.A cyclic
voltammogram of the P M C P y film appears in Figure 3.21.
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Chronopotentiogram recorded for the growth of the PMCPy
carbon electrode. 0.1M MCPy
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polymer on a glassy

in acetonitrile, lOmin growth time and 1.OmA/cm

current density.

Figure 3.21

Cyclic voltammogram of the PMCPy-pTS
MCPy

polymer recorded in 0.15M NaN03. 0.1M

in acetonitrile, lOmin growth time and l.OmAJcm2 current density. Scan rate =

20mV/s.

Comparing this to a PPy-pTS polymer (Figure 3.22) it can be observed that the
voltammograms are very different.
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Figure 3.22

Cyclic voltammogram
NaN03.

of PPy-pTS polymer on a glassy carbon electrode in 0.15M

0.1M pyrrole, 0.1MpTS

in acetonitrile, lOmin growth time and l.OmAJcm2

current density. Scan rate = 20m V/s.

The mechanical stability of the PMCPy polymer was poor and the polymer was easily
removed from the electrode surface. To solve this problem, the growth of a modified

surface with normal unsubstituted pyrrole was investigated. Initially, a polymer was

grown in a 1:1 ratio of pyrrole and 3-methyl-4-caboxylic acid pyrrole in the polymer

solution. The counterion remained the same as the original polymer. This polymer gre

at similar growth potentials as the substituted homopolymer. A cyclic voltammogram o
this polymer (not shown) was very similar to that recorded in Figure 3.22 for the
response from the PPy-pTS film. This suggests that a PPy-pTS polymer may form
preferentially from solution, compared to the substituted polymer. Steric hindrance
be the reason for this.

Since growth of the 1:1 co-polymer was not successful, polymers were polymerised

from monomer solutions containing less than a 1:1 ratio of pyrrole to the substitute
pyrrole monomer. In these experiments the concentration of the MCPy and pTS were
kept constant and the concentration of the pyrrole was incremented from 0.025M to
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0.1M. The resulting polymers were characterised in 0.15M N a N 0 3 using cyclic
voltammetry, the results of which appear in Figure 3.23.
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Figure 3.25

Cyc/i'c voltammograms of the PPy PPy-pTS-PMCPy
on a glassy carbon electrode from O.lMMCPy

polymers, grown galvanostatically

O.lMpTS and a) O.OlMPy; b) 0.025M

Py; c) 0.05M Py; d) 0.075M Py and e) 0.1M Py in acetonitrile. Current density =
l.OmAJcm2, growth time = 7.0min and scan rate = 20mV/s.

Chapter 3 - Immobilisation Techniques

106

Varying levels of electroactivity can be observed in the above cyclic voltammograms. It
is obvious that the two redox centres (indicated by the numbers l',l and 2',2 on the
voltammograms) are indicative of the two substituents in the polymer. The centre
represented by the numbers 1' and 1 would be the polypyrrole redox centre, and the

redox centre represented by 2' and 2 would be associated with the substituted pyrrole.

By comparing the cyclic voltammograms, it can be observed that as the concentration of
pyrrole in the monomer solution is increased the resulting surface polymer redox
activity is affected. When the concentration reaches a 1:1 ratio with the substituted
pyrrole, the resultant polymer resembles a PPy-pTS film.

The polymers also exhibited varying mechanical stability in terms of adhesion to the
glassy carbon electrode surface, and were found to be significantly stronger than the
adhesion of the PMCPy homopolymer. The higher the concentration of pyrrole in the
monomer solution the stronger the adhesion to the electrode was found to be. Even a
small concentration of pyrrole (0.025M) in the monomer solution greatly increased the
polymer surface adhesion to the electrode substrate.

3.3.4.2 Attachment of the Conjugated Spacer and Antibody Fragment

The next step in the attachment of the antibody to the polymer backbone (Step 2)

required the attachment of a conjugated spacer. Since conventional electrochemistry d
not produce evidence of this attachment, reflectance FTIR was employed in an attempt

to obtain confirmation that the space group had attached at the carboxylic carbon. Si
the carboxylic OH group has a prominent FTIR band in the 3000nm region, it was
thought that this would be a good indicator of whether the reaction had reached
completion, as the OH group is replaced during the reaction by the adipylhydrazidyl
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group. Data obtained from the reflectance FTIR (not shown here) suggested that the O H
group was replaced during reaction.

Step 3 consisted of cleaving of the antibody into F(ab)2 and subsequently into Fab'
segments. The Fab' segment consists of a single sulfide group at the end of the Fab'

segment. The thiopyrrole group is a good leaving group, cleaving at the disulfide group.

Therefore when the Fab' is exposed to the single sulfide group after cleaving (Step 4) a
second disulfide group is formed. This method of attachment is advantageous in that it
both orientates the antibody and has it on the extremities of the polymer, thereby
increasing accessibility to the targeted antigen.

Reflectance FTIR was again employed for characterisation (not shown here). However,
not too much emphasis was placed on this technique, as a better indication of whether
the conversion was complete was obtained by ELISA (refer to Section 3.3.4.3). If any

stage of the reaction did not occur then the antibody would not be present and no result
would be obtained.

A cyclic voltammogram of the PPy-pTS-PMCPyFab' appears in Figure 3.24. The
voltammetric response for this polymer is quite different to that of the parent copolymer. In this voltammogram there is only one redox centre visible with Eox = -0.20V
and Ered

=

-0.6V. Comparing these values to those of the parent polymer, it is not

apparent which redox centre is dominant in this voltammogram. The anodic wave on the
forward scan in Figure 3.24 is at a potential approximately half way between the two
anodic waves on the voltammogram in Figure 3.23a (indicated by #1' and 2'). The
cathodic wave on the reverse scan is at a potential similar to the large cathodic wave

Chapter 3 - Immobilisation Techniques

108

associated with the substituted polymer in the parent polymer (Figure 3.23a, indicated at
#2).

Figure 3.24

Cyclic voltammogram of the PPy-pTS-PMCPyFab' polymer in 0.15M NaN03.

0.1M

pyrrole, 0.1M MCPy, 0.1MpTS, lOmin growth time and l.OmAJcm2 current density.
Scan rate lOOmV/s.

3.3.4.3 Characterisation of PPy-pTS-PMCPyFab' using ELISA

To ascertain whether the reaction had occurred as expected, ELISA experiments were
conducted on the PPy-pTS-PMCPyFab' polymer. If the attachment of the Fab' was

successful, then a positive ELISA result would be expected. Of secondary interest t

is whether the ELISA results for this polymer showed any increase in reproducibility
between polymers.

Co-polymers were grown using different ratios of Py to MCPy in the monomer solution
to determine the optimal ratio of monomer concentrations. Polymers were grown using

1:1, 2.5:1 and 5:1 ratio of Py to MCPy. The attachment of the Fab' was completed and

the polymers tested by ELISA. The results of these experiments are summarised in the
following table (Table 3.6).
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Comparison of results in the above table revealed there are three interesting
observations. Firstly, it is obvious that the conjugation and attachment reactions were
successful, as indicated by positive ELISA results. Secondly, and most encouraging, is
that there were significantly higher responses and greater reproducibility between
polymers 7-12, compared to the polymer immobilisation methods investigated in the
earlier sections of this chapter.
TV"

Table 3.6

Monomer Ratio

Absorbances

PMCPy-Py

AjISnm

1

+ve control

1.190

2

-ve control

0.057

3

1:1

0.148

4
5

1:1

0.069

1:1

0.165

6

1:1

0.059

7

5:2

0,534

8

5:2

0.061

9

5:2

0.448

10

5:2

0.079

11

5:1

0.609

12

5:1

0.073

13

5:1

0.569

14

5:1

0.068

15

5:1

0.597

16

5:1

0.056

Table summarising the ELISA results for the PPy-pTS-PMCPyFab

'polymer. lOmin

growth time and l.OmAJcm2current density. The responses listed in the right hand
column are the average of three separate results.

The third observation is that significantly lower responses were obtained for the copolymer polymerised from a monomer solution containing the parent polymers in a 1:1

ratio. This result confirms that the voltammetric response observed in section 3.3.4.1, t
pyrrole dominates in the resultant PPy-pTS-PMCPyFab' polymer. Since the conjugation
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reactions will not attach to the non-substituted pyrrole, there can be no binding (other
than non-specific types) of the Listeria to these sections of the co-polymer. The ELISA
results for these polymers (#3-6) show a positive result suggesting antibody
(fragment)/antigen binding, which confirms that the co-polymer is formed and small
amounts of the substituted pyrrole is present in the co-polymer. Another encouraging

aspect of all these polymers was the low negative control result obtained, indicating o
a small amount of non-specific binding occurred.

3.4 Conclusion

Comparison of the immobilisation methods investigated in this chapter, revealed that
the optimal method of immobilising the antibody within the polymer film was covalent
attachment. It was demonstrated that it is possible to immobilise antibodies in
conducting polymers such as polypyrrole using physical entrapment and
coimmobilisation, however there are problems associated with the use of these methods.
This study showed that the antibody was indeed entrapped into the polypyrrole, but this

entrapment led to problems with accessibility to the targeted antigen. Co-immobilisatio

with a poly electrolyte did not solve these problems. In fact, the results obtained for
co-immobilised films were less encouraging than those obtained for the physically
entrapped antibody within the polymer film.

The covalent attachment of the antibody after the polymerisation of the pyrrole
monomer is advantageous in that keeping the addition of the biological component
separate from the polymerisation process maintains the integrity of the antibody

fragment. Positioning of the antibody fragment at the extremity of the polymer film also

maintains accessibility to increase the possibility of antibody/antigen interaction. In
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study, the covalent attachment method investigated produced films that were more
reproducible in terms of antibody orientation to those produced using the other
immobilisation techniques.

Characterisation of the covalently attached films showed that the increase in
accessibility and orientation resulted in an increase in response in ELISA detection. It
was also observed that the electrical properties of the polymer film were maintained
after the covalent attachment process. This is extremely important to achieve a viable
biosensor as the signal generation component must also be optimised.
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4.1 Background

An important consideration in the development of a biosensor is the ability of the devi
to provide a suitable signal. Often the immobilisation and signal generation steps are
considered as two separate entities. In reality, both components must be developed and

optimised with respect to each other. That is, the optimal immobilisation of an antibod
in a conducting polymer may not necessarily be suitable for generating a sensitive
signal. Just as the immobilisation process imparts recognition and often increases
reproducibility between films and sensors, optimal signal generation will provide the

device with sensitivity and response times. These last two parameters are what generall

defines the 'success' of a particular biosensor. No matter how selective a biosensor is
usefulness is limited if it has poor sensitivity or slow response times.

With these aspirations in mind, many signal generation techniques have been studied
and reported for biosensors. These include conventional electrochemical methods such
1 0

as measurement of changes in potential or current, or the more recently investigated
methods such as measurement of changes in conductance,3 resistance,4'5 or mass6. Many
optical methods have also been developed.7 The combination of these techniques and
conducting polymers has to date been limited.

Potentiometric and amperometric methods of detection are probably the most simplistic
of those already mentioned. Sensors that employ amperometric techniques to measure a
o

signal are the most commonly described techniques in the literature, although there is

minimal reference to date on the direct amperometric detection of biological entities h
been limited. John et af reported the appearance of a cathodic wave at -0.6V upon the
addition of an antigen to an antibody containing polymer film. Their work centred on
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the immobilisation of anti-HSA into a conducting polypyrrole film. Incubation of a
PPy/aHSA film in 50ug/ml HSA for 10 min, resulted in the appearance of a cathodic
wave on the reverse scan of a cyclic voltammogram. There are reports of indirect
detection of microorganisms using amperometric detection in the literature, however
there has been no report of a true immunosensor for microorganism detection.10

Literature on conventional electrochemistry shows a history of mediator use to detect
otherwise non-electroactive species, such as enzyme sensors.11 Some biological species
undergo very slow heterogeneous electron transfer at electrodes and consequently
exhibit irreversible electrochemical behavior.12 Researchers have attributed this
behavior to the poisoning of the electrode surface caused by severe adsorption of the
biocomponent on the electrode or insulation of the electroactive centre in the molecule
by the surrounding protein matrix.13'14 One solution to overcome this is to introduce a

separate electroactive species to the electrochemical solution. This electroactive species
is commonly called a mediator and acts as an electron shuttle to provide redox coupling
between the electrode and the redox centre in the biological compound (Figure 4.1).15

If

L

Figure 4.1
surface.

mediator

biological species red

mediator

biological species ox

Schematic showing mediated electron transfer from a biological species to an electrode
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Szentrimay et al16 lists the following characteristics for an ideal mediator: (1) well
defined electron stoichiometry; (2) known formal potential E°; (3) fast heterogeneous
and homogenous electron transfer; (4) ready solubility in aqueous media at or near pH
(5) stability in both oxidised and reduced forms and (6) no interaction with the

biocomponent in a manner which alters its redox potential. In other words, the mediato

plays no other role in the electrochemical cell than to act as an electron shuttle. To

successful in acting as an effective mediator, Fultz et al17 determines that the formal
potential of the mediator should be within ±118mV of the E° value of the
biocomponent.

It is therefore of interest to investigate a combination of conventional techniques an
those methods developed for enzyme based sensors and apply them to antibody based
sensors.

Aims of this Chapter

This chapter aims to develop a suitable signal generation technique for the Listeria

biosensor. To further the development of each immobilisation technique investigated in

Chapter 3, systematic testing of these techniques with respect to signal generation wa
also important. Conventional voltammetry was the main characterisation method
employed, as it was the most convenient method for quickly testing each sensor.

Using the information gathered from voltammetry, alternative signal generation methods
such as resistance measurements and the use of mediators to enhance the bioelectron
transfer of electrons to the electrode, are also investigated in this chapter.
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4.2 Experimental

4.2.1 Chemicals and Reagents

All reagents utilised for these experiments were AR grade unless otherwise stated.
Pyrrole was obtained from Merck and vacuum distilled before use. It was stored under
nitrogen below 0°C prior to use. All solutions were prepared using deionised Milli-Q
water (18MQ Cm). Tecra Diagnostics (Sydney, Australia) supplied the Listeria
monocytogenes. The Listeria were obtained in 109 mo/ml aliquots and frozen until
needed. The gold film was obtained from Courtaulds Performance Films, Canoga Park,

USA. Ferricyanide, Anthraquinone - 2 - sulfonic acid sodium salt, Anthraquinone - 2, 6
- sulfonic acid disodium salt, Uniblue and Toluidine Blue were obtained from Sigma
Pharmaceuticals (Sydney, Australia) and diluted into solution with the appropriate
supporting electrolyte.

The pH 7 phosphate buffer solution was prepared by mixing 305ml of 0.2M
Na2HP04.H20 and 195ml of 0.2M NaH2P04.H20 and made up to 500ml with Milli-Q
water. The pH was monitored and adjusted to 7.0 where necessary.

4.2.2 Apparatus

All voltammetric experiments were performed in a three-electrode cell. The cell
contained a working, reference and auxiliary electrode. The working electrode varied
between a BAS 3mm-diameter glassy carbon disc electrode, a 1.5mm diameter
homemade platinum, or gold disc electrode, depending on the particular experiment.
The microelectrode arrays were supplied by IRL (Lower Hutt, New Zealand). The
reference electrode was a BAS Ag/AgCl (3M NaCl) type and the auxiliary electrode was

Chapter 4 — Signal Generation

119

made from platinum mesh. The voltammetry was performed using a MacLab
potentiostat (ADInstruments, Australia) interfaced through a MacLab system
(ADInstruments) and recorded using EChem software (ADInstruments), or a PAR CV27 interfaced through a MacLab when required. Resistometry was performed using a
CSIRO built resistometer and QCM and EQCM were performed using an in-house built
QCM module. All data for these experiments was recorded on a Macintosh computer.
pH measurements were determined using a DENVER Model 20 combined

conductivity/pH meter. Listeria ELISA test kits were obtained from Tecra Diagnostics,
Sydney Australia.

4.2.3 Procedures

In this chapter conventional electrochemistry (cyclic and differential pulse
voltammetry), QCM (and EQCM), flow injection analysis, and resistometry were
carried out in accordance with the procedures described in Chapter 2.

Growth of polymer film on quad arrays

In section 4.3.4.2, microelectrode quad arrays were utilised as the working electrod
These electrodes are discussed in detail in the results section. The growth of the
conducting polymers on these electrodes involved the use of a different technique to
those used in previous chapters. Instead of using conventional galvanostatic,

potentiostatic or potentiodynamic growth, a pulse potential method of polymerising t
pyrrole monomer was used. This involved the application of small potential pulses

(0.75V), rapidly applied (20 pulses per minute) at a pulse width of 1000 msec. Before
the microelectrode arrays were used, the array was silanized using hexamethyl

disilizane, to promote the coverage of the polymer film across the four electrode fi
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The application of the potential pulses is continued until the monitored resistance of the

polymer film drops to levels below 3 kD. After this level is reached, the film is visuall
checked under a microscope to ensure that the film has bridged the gaps between the
arrays fingers.

4.3 Results and Discussion

4.3.1 Conventional Electrochemistry

The application of conventional electrochemistry described in Chapter 3 was undertaken

as a means of characterising the conducting polymer films. In this chapter, the techniqu
was utilised to determine whether there was any interaction between the immobilised
antibody and the targeted antigen (Listeria). This technique is the simplest method

investigated in this chapter and the results obtained provided a basis for the technique
described in the rest of the chapter.

Cyclic voltammetry at a bare electrode

A cyclic voltammogram was recorded for the TSB (Triptone Soy Broth) used to culture
the Listeria cells. This was carried out to ascertain whether the medium contained any
electroactive species. On addition of Listeria to the electrochemical cell, a small
concentration of TSB is added, making it important to ascertain whether the TSB
interferes with the voltammetric response. It was confirmed that there are no
electroactive species observed when the cyclic voltammogram was recorded for this
medium (voltammogram not shown here).

Matsunaga et al18 investigated the use of cyclic voltammetry to directly detect a
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microbial suspension of Sacchromyces cerevisea at a pyrolytic graphite electrode in
1984. After recording a background voltammogram in a PBS supporting electrolyte, a
second voltammogram was recorded after the addition of the microbial cells. Upon this
addition an anodic w a v e was observed at +0.75V (versus S C E ) on the 1st scan in the
positive direction. On reversal of the scan, no corresponding reduction peak was

obtained, indicating irreversibility of microbial cells at electrode surfaces. Additional
the researchers found that the oxidation peak current was found to increase linearly with
the square root of the scan rate as expected for irreversible reactions.19

An attempt was made here to repeat Matsunaga's experiment to determine whether the
same direct electrochemical responses could be obtained with the Listeria. Initially a
cyclic voltammogram was recorded in an electrochemical cell with a bare glassy carbon
electrode as the working electrode. The supporting electrolyte used was 0.1M K C 1 ,
which has been used throughout this study as the supporting electrolyte of choice. The
response at this electrode substrate is shown in Figure 4.2.

a

.20 •

Potential (V)

Figure 4.2 Cyclic voltammogram of a bare glassy carbon electrode in the 0.1M KCl electro
solution. E}= -0.4Vand scan rate = lOOmV/s.
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As expected the cyclic voltammogram is unremarkable, with no apparent redox peaks.
On addition of increasing concentrations of heat-treated Listeria (1,2 and 3x107 mo/ml),
visible changes in the resulting voltammogram were observed. Overlaying the resultant
voltammograms (Figure 4.3) showed a decrease in conductivity in the forward scan
above 0.2V upon each addition of the Listeria. On the reverse scans, there was no
change in conductivity in the region above 0.2V, however there was a decrease in the
tail region below 0V.

0.1MKC1
i
<

3
4- ()

1
3 .,0
-29

Figure 4.3 Additions ofl, 2 and 3x10 mo/ml to a solution ofO.lMKCl. Ej = -0.4V and scan rate
= lOOmV/s.

There is no significant loss of conductivity observed in Figure 4.3, which suggests no

observable interaction between the Listeria and the glassy carbon substrate, as was the
case with Matsunaga's work. The voltammogram also shows that there are no apparent

redox peaks associated with the Listeria. Monitoring the conductivity of the electrolyt
solution both before and after the addition of the Listeria showed that there were no
changes in conductivity of the electrolyte solution.
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PME

As mentioned earlier, cyclic voltammetry was employed in Chapter 3.3.1 to characterise
the immobilisation of the anti-Listeria antibody into the polypyrrole matrix. This

characterisation was used to determine the optimal chemical, electrical, and mechanical
properties of the polymer and polymer/electrode-substrate interaction. Of particular

interest was the optimisation of the physical properties, including the conductivity a
electroactivity, of the PPy-aLis polymer. Using this optimally immobilised PPy-aLis
polymer, the next step was to attempt to obtain a significant signal from it.

Cyclic voltammetry offered the simplest means of probing this interaction. It was carr
out in conjunction with each step of the ongoing advancements in immobilisation of the
antibody. This continual assessment was important to ascertain whether a signal could
be obtained from any of the immobilisation techniques investigated. Voltammograms
were recorded both before and after the addition of dead Listeria cells to ascertain
whether any signal could be distinguished using this method.

Cyclic voltammetry at a PPy-aLis electrode

The simplest modified electrodes investigated involved the direct entrapment of the
antibody into the polypyrrole matrix (PPy-aLis). As reported in Chapter 3.3.1, these
polymers were both conductive and electroactive. Figure 4.4 is a voltammogram of a
PPy-aLis polymer grown using the optimal conditions reported in Chapter 3.3.1 on a Pt
electrode substrate.
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Cyclic voltammogram
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of a PPy-aLis polymer grown galvanostatically under optimal

conditions, on a Pt disc electrode, recorded in 0.15M NaN03.

0.5Mpyrrole, lOOppm

alis, 1.OmA/cm2 current density lOmin growth time. E[=-1.0V and scan rate = lOOmV/s.

As described previously, there is a well-defined set of redox peaks associated with the
polypyrrole. Addition of heat killed Listeria at a concentration of 1x10 mo/ml had no
noticeable effect on the voltammogram obtained. Increasing this concentration to 1x10
or even 108 mo/ml did not change this result.

Preparation of a new PPy-aLis polymer and injection of a sample of lxl03 intact
Listeria also provided no noticeable response. However, increasing the concentration to
lxlO6 mo/ml Listeria (Figure 4.5) resulted in the emergence of a second prominent
reduction peak at -0.6V. The second cathodic wave observed on the reverse scan is very
similar to results reported on antigen-antibody binding by John et al.

A change is also observed in the redox potentials in the polymer upon the addition of th
cells. The polymer in the supporting electrolyte had an Em of-0.05V and after addition

of the Listeria, this Ey2 had shifted slightly more positive to -0.04V. This small chang
is not indicative of the larger changes in the individual oxidation and reduction peak
potentials. Before the introduction of the microorganisms to the cell, the polymer
possessed a very defined and prominent oxidation peak at a potential of 0.04V, and a
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reduction peak at -0.1 OV. After addition of the Listeria, these peaks shifted
dramatically. The oxidation peak shifted 0.10V more negative and the reduction peak
shifted lOOmV more positive. However, there was no change in the associated peak
currents after the addition of the Listeria. This means that there is no loss in
conductivity within the polymer, limiting any changes in redox activity to a change in
potential upon interaction with the cells.

Figure 4.5

Cyclic voltammogram recorded after the addition of lxl 06 mo/ml Listeria recorded

with a PPy-aLis modified platinum electrode. Galvanostatic growth from 0.5M Pyrrole,
lOOppm alis, l.OmAJcm2 current density and lOmin growth time. Et = -l.OVand scan
rate = WOmV/s.

The above change in redox activity may be attributed to either the antibody-antigen
interaction or the interaction of the microorganism with the polypyrrole itself. To

eliminate this second possibility as a reason for the results obtained here, additions o
Listeria up to a concentration of lxl08 mo/ml were made to a PPy-aSal modified
electrode. It was expected that any changes observed using this antibody would be
associated with the non-specific interaction of the Listeria with the polymer, as the
Listeria will not bind to the Salmonella antibody.
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There were no visible changes in the voltammograms recorded after these additions
were made. This then suggests that the changes observed in the voltammograms upon

the addition of the Listeria were entirely due to an antibody-antigen interaction that h
some influence on the redox centres within the polymer backbone.

Further investigations were undertaken to determine whether these changes were due to
a solution-based phenomenon or an actual antibody-antigen binding interaction. A PPyaLis modified electrode was allowed to incubate in a Listeria solution for 25min and
then gently rinsed with Milli-Q water and placed in the 0.15M N a N 0 3 supporting
electrolyte. A voltammogram was recorded (Figure 4.6) and it closely resembles the
voltammogram recorded in Figure 4.5. The oxidation peak however, w a s slightly more
positive at -0.03V, compared to -0.08V after the addition of the Listeria to the
electrochemical cell in the earlier experiment. The reduction peak potential was
identical in both voltammograms, including the reduction peak at -0.60V. This result
strengthens the earlier assumption that the change in redox activity of the polymer is
entirely due to the antibody-antigen interaction that occurs with the addition of the
Listeria microorganism.
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Figure 4.6

Cyclic voltammogram recorded after a PPy-aLis polymer has been incubated in 1x10

mo/ml Listeria for 25min. 0.5M Pyrrole, lOOppm alis, 1. OmA/cm2 current density and
lOmin growth time. Ei = -l.OVandscan rate = 20mV/s.
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Since there are no observable redox responses associated with either the Listeria or
Listeria antibody in solution using cyclic voltammetry, it is likely that the response
observed is due to the physical changes in the polymer brought about by the antibodyantigen interaction. It is surmised that these responses are non-Faradaic in nature.9

These results were not always observed for the PPy-aLis polymer films. Often there
were no observable changes in redox activity upon the addition of any concentration of
Listeria. This lack of reproducibility between polymers has been discussed previously
Section 3.3.1. If the antibody was not accessible to the targeted antigen on the
microorganism, then there would not be any interaction and no change in redox activity
of the polymer.

These experiments were repeated with glassy carbon as the electrode substrate and it

was found that the results were not replicated. It is difficult to hypothesize whether
lack of response is due to the change in electrode substrate, or whether there was some
inherent problem with the polymer. As reported in Chapter 3, the growth characteristics
of polymers grown on platinum and glassy carbon electrode substrates were very
similar, so it is not understood why changes in response for the platinum electrode was
not observed with the glassy carbon electrode.

Cyclic voltammetry at a PPy-aLis-DS electrode

The use of polyelectrolytes was introduced in the immobilisation stages of development
to open up the polymer matrix and therefore increase the pore size of the polymer. This
was undertaken to improve accessibility of the microorganism to the bound antibody

within the polymer. The use of polyelectrolytes has also been used to increase the uptak

of antibodies into a conducting polymer matrix.20 As was reported earlier, the use of th
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polyelectrolytes in this instance did not increase the antibody uptake (ELISA results). In

fact there appeared to be less antibody entrapped (or accessible) in the polymer than fo
the original PPy-aLis polymers.

Figure 4.7 shows the voltammetric response obtained from a PPy-aLis-DS polymer in
0.15M NaN03. Addition of lxl06 mo/ml Listeria resulted in no changes to the redox
activity of the polymer. Both heat-treated and whole cells were added to the
electrochemical cell, however neither caused any observable change. Incubating the
polymer in the Listeria for up to 24hr did not change these findings.

These results reinforced the results described in Chapter 3, suggesting that little or n
immobilised anti-Listeria in the polymer film will prevent the detection of any
observable signal.

Figure4.7

Cyclic voltammetric response obtained for the PPy-aLis-DS modified electrode

recorded in 0.15M NaN03. 0.5M Pyrrole, lOOppm alis, 2.5mg/ml dextran sulfate,
l.OmAJcm2 current density and lOmin growth time. E, = -1.0V and scan rate WOmV/s.
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Cyclic voltammetry at a PPy-pTS-PMCPyFab'

electrode

It was shown (Section 3.3.4.3) that the covalent attachment of the antibody fragments
the polymer backbone w a s better suited to the immobilisation of the antibody for two
reasons:

(1) The antibody was correctly oriented and because of its position on the polymer, it
was more accessible to the Listeria microorganisms.
(2) Higher reproducibility between polymers.
With these encouraging results, it was hoped that the increase in orientation and
accessibility would translate to an increase in signal, which in turn would lead to an
increase in sensitivity.
As reported in Chapter 3, the cyclic voltammetric response obtained for the PPy-pTSP M C P y F a b ' modified glassy carbon electrode was markedly different to the previous
immobilised films reported (Figure 4.8). There is a noticeable absence of any prominent
redox peaks, especially the large reduction peak at -0.8V visible for the parent polymer
(Figure 3.23a).

1'

Potential(V)

Figure 4.8 Cyclic voltammogram of the PPy-pTS-PMCPyFab' modified glassy carbon electrode in
0.15M NaN03.

0.025M pyrrole, O.lMMCPy,

0.1M pTS in acetonitrile, 1.0mA/cm2

current density and lOmin growth time. E, = -l.OVand scan rate = lOOmV/s.
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Adding Listeria to the supporting electrolyte to produce a concentration of lxl 0 3 mo/ml
resulted in no change to the voltammogram. The concentration of Listeria was
incremented by an order of magnitude upon each addition and a voltammogram
recorded. At a concentration of lxl05 mo/ml, the emergence of a prominent yet broad
reduction peak at -0.6V was observed (Figure 4.9). This reduction peak is in the same
region as the emergence of the reduction peak observed for the PP/alis films when
exposed to Listeria at a concentration of lxl05 mo/ml. Increasing the concentration of
Listeria to lxl06 and 2xl06 mo/ml in the supporting electrolyte resulted in this peak
becoming more pronounced.

Figure 4.9

Cyclic voltammogram of a PPy-pTS-PMCPyFab'
0.15M NaN03

modified glassy carbon electrode in

when exposed to a concentration of lxltfmo/ml Listeria. 0.025M

pyrrole, O.lMMCPy,

O.lMpTS in acetonitrile, 1.0mA/cm2 current density and lOmin

growth time. Et - -l.OVandscan rate = lOOmV/s.

4.3.2 Electrochemical Quartz Crystal Microbalance
EQCM was investigated for signal generation purposes as well as a characterisation
technique in this study (refer to section 3.3.1.8). The QCM crystal was modified with
P^Lis and a background response obtained (Figure 4.10a). It is apparent that there is
anion uptake but no cation uptake during the redox cycling of the film in NaN03. The
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change in frequency is approximately 0.8 kHz. A s discussed in Chapter 3, the

conversion of frequency changes to mass changes in solution at a polymer surface is not

clear. Therefore, for the purposes of this study, the results are expressed in terms of
change in frequency, which is proportional to changes in mass.
Recording a response immediately upon the addition of Listeria to a concentration of
lxlO7 mo/ml saw no changes in the cyclic massogram. Leaving this polymer to incubate
at room temperature for ten minutes resulted in a decrease in the frequency change
(Figure 4.10b). The change in total frequency after 10 min was approximately 0.65 kHz.
On further incubation (incubated at room temperature for lhr), the change in frequency
again decreased (0.5kHz.). This decrease in frequency suggests that there is continual
binding of the Listeria to the polymer film, therefore making the QCM crystal heavier,
which in turn decreases the oscillation frequency of the crystal.

Repeating this experiment with heat-treated Listeria cells provided the same response.
This was found to be the case even for extended incubation times of several hours.

It was initially thought that cation uptake would be greater, as the heated cells would
penetrate further into the polymer matrix expelling a higher concentration of anions
from the polymer. However this did not occur, which negates the second hypothesis that
any observed change in frequency would be much less because the mass of the heated
cells is significantly smaller than that of the whole parent cell.
Repetition of these experiments with lower concentrations of Listeria did not produce
any changes in frequency. This result confirms that the interaction / binding of the
Listeria to the polymer can be monitored using QCM when high levels of
microorganisms are present.
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Figure 4.10 Cyclic massogram of: a) a ppy.aus modified QCM crystal in 0.15M NaN03; b) after a 10
min incubation in the Listeria and c) lhr after incubation. 0.5Mpyrrole, lOOppm alis,
1.OmA/cm2 current density and lOmin growth time. Er = -l.OVandscan rate = 25mV/s.

4.3.3 Resistance Methods

Techniques measuring changes in resistance offer an alternative detection technique to
the more commonly employed amperometric and potentiometric methods described in
the literature.21 With cyclic voltammetry, changes in bulk electrical properties such as
resistance from the current flow can be inferred, whereas using a technique such as

resistometry, quantitative results can be obtained.22 In this study, although signals hav

been obtained using conventional techniques, they lacked the desired level of sensitivity
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4.3.3.1 In-situ resistometer

In this study, two different in-situ resistometric techniques were investigated. The fi
technique employs a custom built resistometer (CSIRO, Melbourne, Australia) that

operates in series between the potentiostat and the electrochemical cell. This technique

operates in real time by employing an interrupted applied potential on a time scale that
does not interfere with the redox processes in the conducting polymer. 23'24 A large
current spike (100mA) is imposed for a short pulse period (200u.s), which allows the
resistance measurements to be obtained in situ with a high resolution in the time
domain. The second method investigates the four-point probe technique for resistance
measurement across the four fingers of a microelectrode array.

Resistometry of PPy-aLis films

Resistometry was carried out to further characterise the polymer oxidation and reductio
process. Starting a voltage scan from positive potentials means that initially the

resistance of the polymer is low because it is in the charged state. When the polymer is
reduced and anions are removed (in simple cases), a sharp increase in resistance is
usually observed and it becomes increasingly difficult to reduce the polymer further.
This is illustrated in Figure 4.11, which shows a cyclic resistogram of a PPy-aLis
polymer in 0.15M NaN03.
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Cyclic resistogram of a PPy-aLis film in 0.15M NaN03.

1
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0.5M pyrrole, lOOppm alis,

l.OmAJcm2 current density and lOmin growth time. E/ = 0.4V and scan rate = 25mV/s.

Comparing this cyclic resistogram to the cyclic voltammogram of PPy-aLis, it can be

seen that the resistance switch does not occur until the current flow is almost complet

(-0.5V). This is because all conductive pathways in the polymer must first be shut down

which is achieved as anions are expelled from the polymer matrix. As mentioned earlier,
the expulsion of anions can cause changes in the polymer composition and possibly
changes in polymer conformation.26
The PPy-aLis film was incubated in a concentration of lxlO9 mo/ml Listeria for
25mins. This electrode was then placed back in the supporting electrolyte and a cyclic

resistogram was recorded as illustrated in Figure 4.12. Initial observations suggest th
the two resistograms are the same and that there are no apparent changes. However, on

closer investigation it would appear that the cyclic resistogram recorded after incubat

contains greater hysteresis. This phenomenon is a measure of the higher anodic potentia
required to restore conductivity to the more resistive polymer film as it is oxidised.
There was no change in frequency associated with the binding of the Listeria to the
antibody containing film. Both films showed a resistance change of approximately 900Q
upon full reduction.
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Cyclic resistogram recorded after the incubation of the PPy-aLis film in 1x10

mo/ml

Listeria for 25mins. 0.5M pyrrole, lOOppm alis, 1.OmA/cm2 current density and lOmin
growth time. _> = 0.4Vand scan rate = 25mV/s.

4.3.3.2 IRL Resistance Module

The second resistance technique used in this study involved the measurement of a four

point probe resistance of the polymer across the fingers of a four electrode interdi
microelectrode array. The four-point probe measurement is a much more sensitive

technique than the direct in-situ technique used in Section 4.3.3.1 and the benefits

microarrays over conventional macro disc electrodes are numerous. These benefits will
97 28 29

not be discussed here however there is considerable literature on this topic. ' '

The electrodes used for these experiments were supplied by IRL (Lower Hurt, New
Zealand) and consisted of four sets of four interdigitated microelectrode arrays. A
schematic of these electrodes appears in Figure 4.13.
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i

Schematic of the interdigitated microelectrode array used for the IRL resistance

experiments showing four arrays each of four electrodes.

The quad electrode consists of four arrays where each array itself consists of four
individually addressable microelectrodes. The four microelectrodes are each 10mm long
and are 10, 5, 5 and lOum thick. The distance between the electrodes is 10, 5 and 10|im
respectively. Four point probe resistance measurements can be obtained by the
application of a short current spike applied to the outer two electrodes and measuring
the potential difference between the inner two electrodes. The potential difference
measured is proportional to the resistance change as prescribed by Ohm's Law. In
these experiments the conducting polymer film bridges the array.

The polymer can be grown conventionally using either galvanostatic, potentiostatic or
potentiodynamic methods. The pulsed potentiostatic method chosen for this study

involved the application of small potential pulses (0.75V), rapidly applied (20 pulses pe
minute) at a pulse width of 1000ms to polymerise the pyrrole monomer to conducting
polypyrrole. The resistance can be measured simultaneously between the potential

pulses to determine the point at which electrical contact between the fingers of the arr
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occurs. In this manner, thin polymer films can be used to increase polymer sensitivity
31

and response time.

The output shown in Figure 4.14 illustrates that as the potential is pulsed (Figure 4.
and the polymerisation of the pyrrole occurs, the resistance remains high. As the
polymer grows outwards and begins to make contact across the gap, the resistance

begins to decrease until contact occurs (Figure 4.14b), coinciding with a rapid decreas

in resistance. Due to the inverse correlation, as the resistance decreases, the conduct
of the polymer film increases. The increase in conductance is shown in Figure 4.14c.
Typically, the resistance reached upon closure of the electrode gap is of the order of
few k__, and the conductance between 200-300mS. Visual confirmation was carried out

using an optical microscope after each deposition of the polymer to confirm that the ga
between the electrodes was covered.

Figure 4.15 shows a digital photograph obtained for the PPy-aLis polymer film coated

array. In this photo, it can be observed that the fingers of the array are still visib
that there is a thin coating of polymer bridging the entire array.
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Typical output recorded during the deposition of a PPy-aLis film onto the

microelectrode array. The monomer solution contained: pyrrole (0.5M), alis (lOOppm)
and Milli-Q water. Of note is the output observed for the resistance change (b), where
there is a change in gain. At point 2 marked on the recorded output, the gain initially is
at WkQ whereas at point 3, the gain has been switched to lkQ.. The final resistance of
the polymer in this instance is 200 Q..
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Digital photograph taken through an optical microscope of a PPy-aLis polymer coated

array, polymerised using the pulsed potential method and conditions shown in Figure
4.14.

Stationary Cell Experiments

Initial experiments of this technique were carried out with a different antibody/ant
system (aHSA-HSA). The reason for this is that the aHSA-HSA system is both better

understood and less expensive than the alis/listeria system. The deposition of the P
aHSA polymer was carried out in the same way as for the PPy-aLis films. The initial
resistance obtained for the PPy-aHSA was similar to that obtained for the PPy-aLis
films (3-6k__). The addition of a small concentration of N03" (50mM NaN03) to the

monomer solution resulted in the films bridging at a faster rate and achieved resist
as low as 500__. Voltammetry confirmed that films grown with this small concentration
of N03" still contained the aHSA antibody.

After polymerisation, the sensor containing the PPy-aHSA-N03 coated array was placed
in an electrochemical cell containing 5ml of 0.15M NaN03. The array was connected as
the working electrode in a conventional three-electrode system and a cyclic
voltammogram was recorded to determine polymer integrity. The resistometer was
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connected and the background resistance of the polymer was recorded. It was found that

the background resistance was not constant but immediately began to increase in a line
manner. This suggests that there is movement of anions out of the polymer matrix and
into the supporting electrolyte. Figure 4.16 shows this background resistance (1) and
response obtained (2) upon the addition of 2000ppm HSA.

Immediately upon the addition of the HSA antigen (point 2 in Figure 4.16), there is a
sharp decrease in resistance of approximately 100Q. The resistance then begins to

increase at the same rate as the background resistance increased prior to the addition

the HSA. It was of interest to determine whether this change in resistance was the res

of a change in the solution environment or a change in resistance of the polymer due to
the binding of the HSA to the antibody embedded in the polymer matrix. Addition of
0.15M NaN03 in which the HSA is dissolved, did not have any visible influence on the
background resistance of the polymer. The addition of the NaN03 is shown in Figure
4.16 at point 1 on the output. Additions of HSA at concentrations lower than 2000ppm
did not produce any changes in resistance.

It is known that the addition of water into the electrochemical cell would lower the

concentration of the electrolyte solution, which in turn would increase the resistance
the solution. However, these additions also did not have any noticeable effect on the
background resistance of the polymer.

Introducing a closely related antigen such as BSA did result in small changes in
resistance. These changes were again an immediate decrease in resistance, however the
decreases were much smaller in magnitude than the changes observed with the addition
of the HSA. Although BSA does not bind to the HSA antibody, it has been previously
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shown to bind non-specifically to PPy-aHSA films.32

A s the ability to detect small concentrations of H S A was virtually impossible in the

stationary cell experiments, investigations turned to the use of a purpose built flo
in an attempt to increase the sensitivity of these types of resistance measurements.
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Figure 4.16

Stationary cell responses obtained for a PPy-aHSA polymer coated on the quad array,
showing at point: 1) background resistance in 0.15M NaN03 and 2) the addition of
2000ppmHSA. Polymer grown using pulse potential technique. 0.5Mpyrrole, lOOppm
aHSA, 50mMNaNO3, pulse height 700mV.

Flow Cell Experiment

It has been previously shown that there are inherent advantages to using a flow cel

the conventional stationary cell for electrochemical measurements.33'34 One significa

advantage is the increase in sensitivity, which can be up to three orders of magnit

some instances.35'36 Since the stationary cell experiments did show some response, the
decision was made to develop a flow cell to house the quad array to investigate the

possibility of obtaining more sensitive responses. A flow cell was designed and bui

house and a schematic of the apparatus appears in Figure 4.17. The flow cell was the
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connected to a D I O N E X p u m p and 50uL injection loop and the IRL resistometer to
measure any resistance changes.
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Schematic of the flow cell built in-house used to contain the microelectrode array.

As with the stationary cell experiments, the aHSA-HSA system was used for initial
experiments. The flow cell was connected to a pump and 0.15M NaN03 was used as the
carrier solution at a flow rate of 0.5ml/min.

Monitoring the background resistance of the PPy-aHSA polymer in the flow cell showed
a much more constant resistance was obtained when compared to the increasing
background resistance observed in the stationary cell. Injection of HSA at a
concentration of 2000ppm again produced a decrease in resistance. However, this

decrease was much slower than the response observed in the stationary cell experimen
The typical change in resistance for the addition of 2000ppm HSA is shown in Figure
4.18 and was determined to be 375__. Repeated additions of HSA at the same
concentration produced decreases of the same magnitude (± 10%). After the initial

decrease in resistance was obtained, the resistance remained constant for a period of
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15sec before increasing towards the initial background resistance of the polymer.

Figure 4.18

Typical resistance response to the addition of2000ppm HSA to the flow cell containin

the PPy-aHSA polymer. Polymer grown using pulse potential technique. 0.5Mpyrrole,
lOOppm aHSA, 50mMNaNO3,pulse height 700mV.

Additions of HSA at a concentration of lOOOppm produced decreases in resistance of
approximately 275_2 and for concentrations of 500ppm HSA, the resistance decrease
was observed to be approximately 200Q.

Resistance measurements of the alis-lis system

Substituting the Listeria antibody for the HSA antibody in the monomer solution
resulted in the deposition of PPy-aLis-N03 films on the microelectrode arrays. These
polymers grew to resistances of 500Q in growth times of approximately 4 min. The

growth curves were similar to those reported in Figure 4.15 for the growth of the PP
aHSA-N03 films. However once the PPy-aLis-N03 film was placed in the flow cell, the

results obtained were not so promising. In fact, no changes in resistance were obser
upon the addition of concentrations of Listeria up to 1x10 mo/ml.
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There are m a n y possible explanations w h y the results were disappointing for the alis/lis
system. It was deduced that the response obtained for 2000ppm HSA equated to a
concentration of Listeria of approximately lxlO12 mo/ml.37 If this is true, and if the
detection system could detect a change of 1_2, this would equate to -2.66x108 mo/ml

Listeria. Therefore a detection limit of 1Q would be needed to detect the initial injecti
of lxl09mo/ml.
The second possible explanation for a lack of signal relates to the size of the sample
loop used in the flow system (50uL). If the injection concentration is lxl09 mo/ml
Listeria and 50uL is injected, then in effect, only 5x107 mo/ml Listeria is injected into
the carrier solution and this would be outside the detection limits of the system.
Even if the technique was developed significantly to enable detection of lower levels of
Listeria, the actual size of the microarray would be disadvantageous, owing to the small
density of antibody that would be deposited onto the sensor surface. Coupled to this
would be the use of the flow rates used (O.lml/min) resulting in little chance of

detecting the Listeria in solution, as the contact time for antigen-antibody binding woul
be too short.

It became apparent that the direct detection systems that were investigated in this study
were not capable of detecting small viable numbers of Listeria. It was also apparent that
an amplification step was required to bring small viable numbers into the detection
range of the techniques trialed.

Earlier in this study, the research of Matsunaga et „/38 was described in relation to the
use of conventional cyclic voltammetry for the direct detection of a microbial
suspension (Sacchromyces cerevisea). To increase the sensitivity of the technique they
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introduced the use of an adsorbed 4,4'-bipyridine layer to the graphite electrode. This
had the effect of decreasing the limit of detection approximately 1.4 times to a limit
3x106 mo/ml.39

The use of mediators to provide signal amplification was subsequently investigated and
applied to the research undertaken here.

4.3.4 Mediators

It was anticipated that the use of a suitable mediator in this study might provide the

amplification of signal that has been lacking in results to date, and thus enable detec
levels below lxl06 mo/ml. In this section various mediators have been trialed, with
initial investigations into a simple and well understood redox couple, ferricyanide,
before proceeding to a more complex range of compounds previously used in different
biological applications.

4.3.4.1 Potassium Ferricyanide

Initial investigations utilised a common redox compound used as a mediator in
electrochemical reactions.40 Potassium ferricyanide (K3Fe(CN)6, amu = 327.4)
undergoes a well defined one electron Fe2+/Fe3+ redox reaction with readily defined
redox peaks and its behaviour is readily understood at conventional electrode
substrates.41'42

Recording a voltammogram (Figure 4.19) at a bare glassy carbon electrode shows that
ferricyanide has one set of distinct redox peaks; Eox = 0.25V and Ered = 0.16V, which
equates to an Ei/_ = 0.21V. The Nernst equation states for a fully reversible one-

electrode system that the theoretical peak separation is 59mV. In practical terms, at a
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macro electrode there are m a n y parameters influencing the electrochemical system that
means that the peak separation observed in Figure 4.19 is m u c h larger than the predicted
59mV. 4 3

Using a small concentration (0.001M) of ferricyanide in the supporting electrolyte
solution and adding increasing concentrations of Listeria (up to lxl 0 9 mo/ml), provided
no observable change in peak current was noted for either the oxidation or reduction
peaks (!' and 1).

Figure 4.19

Cyclic voltammogram of 0.0IM ferricyanide in 0.15M NaN03 at a bare glassy carbon
electrode. Scan rate = WOmV/s.

4.3.4.2 Uniblue

The second mediator investigated in this study was Uniblue. Uniblue is used as a stain
for reactive proteins in microbiology and biochemistry.44 It was hypothesised that this
compound m a y interact with the Listeria microorganisms and this interaction m a y
generate a detectable signal.

Uniblue has a molecular weight of 506.5 amu and its' structure is shown in Figure 4.20.
The cyclic voltammogram recorded for a 0.01 M Uniblue in 0.15M N a N 0 3 solution at a
bare glassy carbon electrode appears in Figure 4.21.
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Structure of Uniblue.
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Figure 4.21 Cyclic voltammogram of 0.01M Uniblue in 0.15M NaN03 at a bare glassy carbon
electrode. Ej = -l.OVand scan rate = lOOmV/s.

A s previously shown, the cyclic voltammogram of lxl 0 8 mo/ml Listeria at a bare glassy
carbon electrode in 0.15M N a N 0 3 (Figure 4.22a) indicates no redox activity. U p o n
addition of a concentration of 5xl0" 6 M Uniblue to the electrochemical cell, a small
reduction peak can be observed at -0.150V (Figure 4.22b - indicated by point 1).
Continually increasing the concentration of Uniblue (4.5x10"5M, 1.05x10"^ and
2.05x1 O ^ M ) resulted in the sharpening of this peak into a very prominent reduction
peak (Figure 4.22c, d and e). At no concentration of Uniblue was an oxidation peak
observed for the system The results were not conclusive as the emergence of the
reduction peak m a y be due to p H changes in the solution inducing the Uniblue response,
not a sign of the interaction.
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This experiment was reversed to determine if a similar reduction peak emerged when
increasing concentrations of Listeria were added to a standard concentration of Uniblue.
Figure 4.23a shows the response obtained for the 0.01M Uniblue at a bare glassy carbon
electrode. A s seen previously, no defining redox peaks are observed. Figure 4.23b
shows the response obtained upon adding a concentration of lxl0 6 mo/ml Listeria. A s
expected, there is an increase in the reduction peak at -0.40V.

(e)

Figure 4.22

Cyclic voltammograms at a bare glassy carbon electrode of: a) 1x10 mo/ml Listeria in
0.15MNaNO3

and then in concentrations of Uniblue of: b) 5xl0'6M; c) 4.5x10'5M; d)

1.05xlO'4Mand e) 2.05xl0'4M. E, = -l.OVand scan rate = 25mV/s.
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Cyclic voltammograms showing the: a) response obtained for a 0.01M Uniblue solution
and b) the response obtained upon the addition oflxlO6 mo/ml Listeria. £7 = -l.OVand
scan rate = 25mV/s.

B y increasing the concentration of Listeria, the reduction peak current did not increase
significantly as expected. A small reduction peak was observed when smaller

concentrations of Listeria were added, however the limit of detection appeared to be a
concentration of lxl05 mo/ml.

Of note in both these experiments is that the reduction peak shifts with increasing

Uniblue concentration or Listeria concentration. This suggests that the redox propert
of the Uniblue in solution are not stable. For this reason the use of Uniblue as a
mediator was not ideal and further investigations of this compound were abandoned.

4.3.4.3 Anthraquinones
In this section of work, two anthraquinones were investigated. These were
anthraquinone - 2 - sulfonic acid, sodium salt and anthraquinone - 2, 6 - disulfonic
disodium salt.

Anthraquinone -2- sulfonic acid, sodium salt

Anthraquinone - 2 - sulfonic acid, sodium salt has a molecular weight of 328.3 amu and

its' structure appears in Figure 4.24. With only one sulfonic acid group in the 2 pos
this compound is slightly polar.
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Structure of anthraquinone — 2 — sulfonic acid, sodium salt

A cyclic voltammogram of 500ppm anthraquinone - 2 - sulfonic acid, sodium salt in
0.15M NaN03 appears in Figure 4.25. As was the case with the ferricyanide, the
addition of a concentration of 1x10 mo/ml Listeria showed no observable changes in
Q

the voltammetric response. Increasing the concentration of the Listeria from 1x10 to
lxlO9 mo/ml did not alter this result. Increasing the concentration of the anthraquinone
in the electrochemical cell from 500 to 2000ppm resulted in the expected increase in
peak current, however no observable changes were obtained when any concentration of
Listeria was introduced.

Figure 4.25

Cyclic voltammogram of 500ppm anthraquinone - 2 - sulfonic acid, sodium salt i

0.15MNaNO3, at a bare glassy carbon electrode. E, = -l.OVandscan rate lOOmV/s.
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Anthraquinone - 2,6 - disulfonic acid, disodium salt

The second anthraquinone investigated was anthraquinone - 2,6 - disulfonic acid,

disodium salt. It is similar to the first anthraquinone compound tested, however ther
two sulfonic acid groups, in the 2 and 6 positions which are at opposite ends of the
compound. This has the effect of surrounding the compound with electron rich groups.

The result of this arrangement indicates that the anthraquinone - 2,6 - disulfonic aci
would be non-polar. The molecular weight of this compound is 412.3 amu and its'
structure appears in Figure 4.26.

A cyclic voltammogram of this compound (500ppm) was recorded in 0.15M NaN03 at a

bare glassy carbon electrode (Figure 4.27) and appears very similar to that of the mon
substituted anthraquinone reported on in the previous section.

Figure 4.26

Structure of anthraquinone - 2,6 - disulfonic acid, disodium salt

When Listeria (lxlO7 mo/ml) was introduced into the electrochemical cell with the
anthraquinone - 2,6 - disulfonic acid, there was an observed change in the
voltammogram. There was a slight redox shift in both the oxidation and reduction
potentials. Combined with this small potential change was a decrease in peak current,
also observed at both the oxidation and reduction responses.
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This type of shift in redox centre is most commonly associated with a change in pH. 45
However, as seen previously, there is only a small change in p H associated with the
addition of the Listeria to the electrolyte solution, suggesting a p H change is not the
factor responsible.

Increasing the concentration of Listeria to levels above lxl 07 mo/ml saw a continued
shift in redox potential and decreasing peak current. These results are summarised in
Figure 4.28, where the cyclic voltammograms of the anthraquinone-2,6-disulfonic acid,
and the additions of lxl0 7 , lxl0 8 and lxlO 9 mo/ml Listeria are shown.

-8,6

-0.4

Potential (V)

Figure 4.27

Cyclic voltammogram of anthraquinone -2,6- disulfonic acid, disodium salt, at a bare
glassy carbon electrode. E{ = -l.OVandscan rate lOOmV/s.
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Overlaid cyclic voltammograms of anthraquinone, and the additions of 1x10 , 1x10
and lxlO9 mo/ml Listeria. Upon addition of the increasing concentrations of Listeria,
there is a decrease in peak current and a increase in Eox and Emd observed. Es = -1.0V
and scan rate lOOmV/s.

It is obvious that the change in peak current is not linear with the increase in
concentration of Listeria. It is not understood why this is the case, as it would be
expected that as the concentration was increased linearly that the change in current
would also change linearly. Again the changes are not observed at low microbial
concentrations and only appear when a threshold level is reached. Using the

disubstituted anthraquinone, this limit was lxlO7 mo/ml Listeria. AS his was above the
desired detection limits, an alternative mediator was investigated.

4.3.4.4 Toluidine Blue

The fifth mediator that was investigated in this study was Toluidine Blue (Figure 4.2
Toluidine Blue has a molecular weight of 305.8 a m u and it is commonly used in
immunoassay staining experiments in biotechnology for the determination of
antibody/antigen interactions.
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A cyclic voltammogram of a solution of O.Olmg/ml Toluidine Blue was recorded in
0.15M NaN03 and appears in Figure 4.30a. The voltammogram has a pair of well

defined redox peaks. The oxidation peak occurs at -0.25V and the reduction peak occur
at -0.33V. Differential pulse voltammetry was also employed in characterising the

Toluidine Blue response (Figure 4.30b). The differential pulse voltammogram in Figure
4.30b shows one prominent peak at -0.30V.

Figure 4.29

Structure of Toluidine Blue.

_.

Figure 4.30

a) Cyclic voltammogram

and b) differential pulse voltammogram of a solution of

O.Olmg/ml Toluidine Blue in 0.15MNaNO3. Et = -l.OVand scan rates were WOmV/s
and 20m V/s respectively.
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T o further elucidate the redox properties of the Toluidine Blue further investigations
were carried out including effects of scan rate, pH and concentration.
The effect of scan rate on the responses obtained using cyclic voltammetry was
investigated (Figure 4.31). A plot of peak currents versus scan rate was linear (Figure
4.32), suggesting that the Toluidine Blue is adsorbed onto the electrode.46

2(K)mV/s
lOOmV/s
50m VVs
25MV/S

Potential (V)

L
Figure 4.31

Overlaid voltammetric response of a O.Olmg/ml Toluidine Blue solution, at a glassy

carbon electrode recorded at scan rates of 25, 50, 100 and 200mV/s. Ej = -1.0V.
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Figure 4.32

Plot of peak currents from Figure 4.31 versus scan rate.
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The effect of increasing the concentration of the Toluidine Blue whilst keeping the
supporting electrolyte concentration and scan rate constant was also examined. Figure
4.33 shows the overlaid voltammograms recorded within the concentration range of
0.01 to 0.15 mg/ml. Plotting the peak currents from the voltammetric response versus
the increasing Toluidine Blue concentration resulted in a linear response being obtained
(Figure 4.34).
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Overlaid cyclic voltammograms

showing the effect of increasing the concentration of

Toluidine Blue at a bare glassy carbon electrode. Concentration ofTB; 0.01 - 0.15
mg/ml TB in 0.15 MNaN03.

Et = -l.OVandscan rate = lOOmV/s.
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Figure 4.34

Plot of peak current versus increasing concentration of Toluidine.
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Addition of Listeria Microorganisms

The addition of a concentration of lxl07 mo/ml Listeria to the electrolyte solution

significantly altered the peak potentials of the resulting voltammograms (Figure 4.35)
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Figure 4.35

CV and DPV showing the change in peak potential obtained after the addition of 1x10

mo/ml Listeria. Scan Rates are WOmV/s and 20mV/s respectively.

n

Since changes in the resulting voltammograms were observed when additions of 1x10

mo/ml were added to the electrolyte solution, it was of interest to determine the ef

other concentrations of Listeria. Upon the addition of lxlO1 to lxlO5 mo/ml there were
no observable changes to the voltammetric response. When the concentration reached
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lxlO 6 mo/ml, the oxidation peak current increased and the reduction peak current
decreased as observed in earlier results. Upon the addition of concentrations above this
level, both the oxidation and reduction peak currents decreased. What was more
remarkable was a shift in the peak potential of the redox centre. The E__ value for the
system shifted 50mV more positive for the addition of lxl06 mo/ml and lOOmV more
positive for the addition of lxl07 mo/ml (Figure 4.36).

It was of interest to understand more about the mechanism of the interaction of the
Listeria with the Toluidine Blue. It is apparent that as the concentration of the cells
increases in the electrolyte/TB solution, the Toluidine Blue becomes harder to oxidise
and subsequently easier to reduce.

A possible explanation for this is that the Toluidine Blue is polymerising on the
electrode surface and hence increasing the electrode resistance, resulting in a more
anodic electrode/solution interaction. To test this hypothesis, a clean glassy carbon
electrode was placed in a 0. lmg/ml solution of Toluidine Blue and allowed to cycle over
the range -1.0V to 0.4V at a scan rate of lOOmV/s. The result of this experiment is
shown in Figure 4.37.

The overlying cyclic voltammograms in Figure 4.37 are the 1st and last 5 scans of 30

total scans. It can be observed from this continual cycling that there is a small amount
Toluidine Blue deposited onto the electrode surface, however the conductivity observed

is not continually increasing from one scan to the next. In this case the current remains
relatively constant, after an initial l-2uA increase, across the 30 scans. The

potentiostatic growth of pyrrole for instance, shows an increase in current from one sca
to the next, which is indicative of the growth of a conducting polymer.
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showing the change in

response obtained upon the increasing addition of Listeria in the range of lxl 01 to
lxl 07 mo/ml. These additions show an increase in peak potential and decrease in peak
current. E, = -l.OVandscan rates are 100 and20mV/s respectively.
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Response obtained from the continual cycling of a bare glassy carbon electrode in a
0.1mg/ml solution of Toluidine Blue/0.15MNaN03. Ej =-1,0Vand scan rate lOOmV/s.

This lack of increasing conductivity may be indicative of the growth of an insulating

polymer. After this electrode was cycled in the Toluidine Blue/electrolyte solution fo
30scans, it was removed and placed in the 0.15M NaN03 electrolyte solution and a
cyclic voltammogram recorded. Figure 4.38 shows that a small Toluidine Blue response
is observed, revealing that a polymer has been deposited on the electrode surface.

1) T B response
2) T B adsorbed to electrode
3) bare electrode in K C 1
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Figure 4.38 Cyclic voltammograms showing the response obtained from the deposition of Toluidine
Blue on a glassy carbon electrode in supporting electrolyte. Ej = -l.OVand scan rate =
100m V/s.
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Repeating this experiment with an electrode prepared for 5 scans in the Toluidine
Blue/electrolyte solution revealed no trace of the Toluidine Blue peaks. This would
suggest that cyclic voltammograms recorded for less than five scans (as carried out in
this study) are not influenced by the deposition of Toluidine Blue on the electrode
surface. This confirms that the observed change in redox potential upon the addition of

the Listeria cells is due to an interaction between the Toluidine Blue and the cells, an
not from a changing solution environment caused by the cycling of the Toluidine Blue.

A second possible explanation for the change in redox potential of the Toluidine Blue
response is that it binds or coats the Listeria cell, increasing the resistance across
wall. It has been suggested that the Toluidine Blue might be entering the cell, undergo
reduction and subsequently be expelled, which forms the basis of detection. To test
both of these hypotheses, it was necessary to immobilise the Toluidine Blue into a
conducting polymer. The reason for this is that if the Toluidine Blue was immobilised,
then it would not be able to either coat the Listeria cell or enter the cell wall. This
then be reflected in a lack of any change in voltammogram on the addition of the
Listeria.

Attempts at polymerisation using a monomer solution with pyrrole and Toluidine Blue
solution (O.Olmg/ml) resulted in the formation of a polypyrrole film, however the
resulting voltammogram was devoid of any redox peaks in the -0.3V region. This
suggests that no Toluidine Blue was incorporated. This would be expected as at neutral
pH Toluidine Blue is positively charged,49 and therefore would not be incorporated into
the polypyrrole. As has been established previously, a negatively charged counterion
must be incorporated during polymerisation to balance the charge of the polypyrrole
backbone, otherwise the formation of a polymer is impossible.
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W h e n Toluidine Blue is reduced it loses its positive charge, however its neutral state

suggests that it will not be incorporated into the polymer film. The fact that a polymer
was formed from the above monomer solution suggests that the polymer formed was a
PPy/OH film, with the negatively charged OH" ions available from the Milli-Q water in
solution acting as the counterion.

Since a Toluidine Blue polymer could not be formed, another method of immobilising
the TB was investigated. As previously reported, the Toluidine Blue is deposited onto
the electrode surface when continually cycled for periods longer than 5 scans. Using an

electrode prepared by cycling a glassy carbon electrode in a Toluidine Blue solution for
30 scans, addition of Listeria to the supporting electrolyte showed no change in
voltammetric response.

These experiments have shown that the Toluidine Blue does not coat the electrode

surface at small (<5) scan cycles and that it does not enter the cell wall, which negate
the two proposed hypotheses as possible mechanisms of signal generation. The
hypothesis that the Toluidine Blue coats the Listeria cell could not be proved or
disproved in these experiments.

The effect of pH changes on the Toluidine Blue voltammetric response was
investigated. The pH of the O.Olmg/ml Toluidine Blue/0.15M NaN03 electrolyte

solution was determined to be 5.95. Upon the addition of the Listeria cell culture (lxlO

mo/ml), the pH of the solution rose slightly to 6.13. Addition of the TSB alone produced
the same change in pH. It was found that changing the pH of the Toluidine
Blue/electrolyte solution by such a small amount had no effect on either peak potential
or peak current.

Chapter 4 — Signal Generation

163

Effect of the addition of different microorganisms

The response of two different microorganisms was also investigated to ascertain
whether the change in potential observed was specific for the interaction of the
Toluidine Blue with the Listeria. It was found that the response for Salmonella and E-

coli cells was similar to the response obtained for the addition of the Listeria. While
change in redox potential was observed for these additions, it was found to be of a

different magnitude to that observed for the same concentration of Listeria. Figure 4.3
shows the overlaid responses obtained for the addition of 1x10 mo/ml E-coli,
Salmonella and Listeria. It can be observed that the redox potential shifts 105mV,
115mV and 125mV volts respectively for the E-coli, Salmonella and Listeria. Whereas

the peak currents of the E-coli and Listeria responses are identical, a larger peak cu
is observed upon addition of Salmonella.

These changes in potential shift associated with each addition indicate that it is har
oxidise the TBIListeria compared to the TBI Salmonella or TB/E-coli. As hypothesised
above, the Toluidine Blue may bind to the microorganism. If this is true, then the
strength of this binding may be different for each microorganism and might be the
reason for the different changes in potential shift observed.
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(a) Cyclic voltammetric and (b) differential pulse voltammetric responses obtained for

the addition of lxl 06 mo/ml E-coli, Salmonella and Listeria to a TB/N03 electrolyte
solution. In both voltammograms the TB response is labelled 1, E-coli is numbered 2,
Salmonella is numbered 3 and Listeria is numbered 4. E1 = -l.OVand scan rates are
100 and 20m V/s respectively.

Response at a PPy-pTS-PMCPyFab' PME

The degree of success in using Toluidine Blue to mediate the bioelectron transfer of

electrons from a microorganism to a bare electrode substrate suggested it was wort

coupling this with the most successful immobilisation technique reported in Chapte

of this study. It was anticipated that this coupling would provide a sensor with o

signal generation capabilities to improve sensitivity, in the presence of an antib
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give the device selectivity.

A PPy-pTS-PMCPyFab' electrode was prepared on a glassy carbon electrode according
to the procedures optimised in Chapter 3. Since the immobilisation of Toluidine Blue
into a conducting polymer was unsuccessful, it was decided to investigate the response
of the covalently attached antibody to the Toluidine Blue in solution. A cyclic
voltammogram and differential pulse voltammogram of the PPy-pTS-PMCPyFab'
electrode in a O.Olmg/ml TB solution appears in Figure 4.40.

The electrode was incubated in live Listeria at a concentration of 1x10 mo/ml for
30min to allow antibody/antigen binding. The electrode was then removed from the
solution and rinsed gently with Milli-Q water to remove any unbound microorganisms
from the polymer and surrounding electrode casing. The electrode was placed in the
Toluidine Blue solution (O.Olmg/ml) and a subsequent voltammogram recorded (Figure

4.41). The figure shows the overlaid response obtained for the first three scans record

in the Toluidine Blue solution. It is apparent that on the first scan there is a potent

shift of the large reduction peak (2) from -0.5V to a more positive potential at -0.45V

On the subsequent scan, this reduction peak shifted back towards its original potential

On the third scan, the reduction potential of this peak (2) has returned to its origina
reduction potential of -0.5V, as observed in Figure 4.40. The first reduction peak (1)
shows minor changes in all three scans.

However, there are significant changes observed in both oxidation peaks during the firs

three scans. For oxidation peak (!'), the peak current decreases on the initial scan an
then increases on subsequent scans. The opposite occurs with the second oxidation peak

(2'). That is, the peak current decreases from the first to third scans. Both oxidation
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peaks (1' and 2') show potential shifts during the 3 scans. After the third scan the
voltammetric shape remains the same for continuing cycles up to 10 scans.

Figure 4.40

Cyclic voltammogram (a) and differential pulse voltammogram (b) of a PPy-

PMCPyFab' PME in O.Olmg/ml TB. E, = -1.0V and scan rates are WOmV/s and
20mV/s respectively. 0.05M pyrrole, 0.1M PMCPy, 0.1MpTS, 1.0mA/cm2 and grown
for 7min.
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Incubating the PPy-pTS-PMCPyFab' electrode in lxlO5 mo/ml Listeria produced

similar results to those reported above. However, the initial potential shift of the lar
reduction peak was much smaller (lOmV). At concentrations smaller than lxl05 mo/ml
no potential shift was observed.

Incubating the PPy-pTS-PMCPyFab' electrode in either a Salmonella or E-coli culture
for 30min showed that there was no binding of either microorganism to the Listeria
antibody. As expected, no binding meant no changes were observed in the resulting
voltammograms. ELISA tests have shown non-specific binding of the Salmonella or Ecoli to the polymer backbone, however as no response was observed here, it would
suggest that the signal can be attributed to the antigen/antibody interaction only.

Figure 4.41

Cyclic voltammogram showing the 1st three scans recorded after the incubati

PPy-pTS-PMCPyFab' electrode in lxl 06 mo/ml live Listeria for 30min. Et = -l.OVand
scan rate = WOmV/s.
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4.4 Conclusion

In this chapter several signal generation techniques have been investigated for the
detection of Listeria monocytogenes at both bare and polymer modified electrode
substrates. It was found that the use of conventional techniques such as voltammetry at
polymer modified electrodes was successful in detecting high levels of microbes
(> lxl06 mo/ml Listeria). However, these techniques suffered from a lack of
reproducibility between polymer films and an inability to detect small viable numbers.

Improving either the immobilisation of the antibody (covalent attachment) or opting for
an alternative detection technique (resistance measurements) met with minimal success.
Again detection was possible, however detecting low levels of microorganisms was
beyond the capabilities of the techniques investigated.

The use of mediators proved the most successful in lowering detection limits,
particularly Toluidine Blue at a bare glassy carbon electrode. Detection of Listeria at
concentrations of lxl06 mo/ml was achieved. The method unfortunately was not
specific however, as responses were also obtained for E-coli and Salmonella.

Coupling both the optimal immobilisation (Chapter 3) and signal generation techniques
in one sensor highlighted this success. It was found that levels as low as 1x10 mo/ml
Listeria could be detected after incubation in the microorganism culture for 30min. This

sensor was also proved to be selective in that no signal was observed after incubation of
the sensor in cultures such as Salmonella or E-coli.
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Investigation of water soluble
conducting polymers as biological
mediators
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5.1 Background

Advancing the use of conventional mediators has been the use of conducting polymers
to mediate bioelectron transfer reactions. Gamier1 achieved transfer through covalent
attachment of amino acids to the monomer backbone. Other researchers have achieved

protein electron transfer through post polymerisation attachment of chiral substituents.
Cooper et al3 and Lu et al4,5 have both recently combined conducting polymers and
electron mediators to successfully detect the protein, Cytochrome c.

With the production of a range of water-soluble conducting polymers, studies have been
made into the use of these unique polymers in an immunoassay. Englebienne et al
reported the detection of human serum albumin and human C-reactive proteins using a
water-soluble polymer as a label. Localised pH changes occur near the complex during
the binding of the antigen to the antibody, which induces changes in the chromatic
properties of the polymer allowing detection by photometry.

The use of water-soluble conducting polymers to mediate bioelectron transfer from a
microorganism to an electrode substrate has yet to be reported.

Aims of this Chapter

The main aim of this chapter is to investigate the novel use of a water-soluble polymer
as a bioelectron mediator. The water-soluble conducting polymer poly-methoxyaniline
sulfonate (PMAS) was used in this investigation, with the anticipated advantage of
mediating low levels of microorganisms.

To use UV-vis spectroscopy to characterise the polymer-microorganism interaction is
also investigated.
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The last aim of this chapter is to compare the PMAS interaction with another watersoluble conducting polymer (3-pyrrole butanesulfonate) to highlight the uniqueness of
the PMAS-microorganism interaction.

5.2 Methodology

5.2.1 Chemicals and Materials

The water-soluble (poly) methoxyanilinesulfonate was obtained from Nitto Chemicals

(Japan). The structure of this polymer is shown in Figure 5.1. The molecular weight of
the polymer was approximately 10000 amu and had a conductivity of 0.02 S/cm. The
water-soluble polypyrrole was prepared chemically with an approximate molecular

weight of 18000 and a conductivity of 0.2 S/cm. All other chemicals were obtained from
Sigma Chemicals, and used without further purification. All solutions were prepared
with 18 Mohm deionised Milli-Q water.

OCH3
Figure 5.1 Structure of the water soluble poly-methoxyaniline sulfonate
Listeria monocytogenes were obtained from Tecra Diagnostics (Sydney, Australia) in
109 microorganisms/ml (mo/ml) aliquots. The Listeria was cultured in a Triptose Soy
Broth + 0.5% Yeast Extract (TSB(YE)) at 28°C. All cultures were incubated overnight.
Dilution of these cells down to 1 mo/ml was carried out with the relevant electrolyte
solution.
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5.2.2 Apparatus

All voltammetric experiments were performed in a three-electrode cell. The cell
contained a working, reference and auxiliary electrode. The working electrode varied
between a BAS 3mm diameter glassy carbon disc (or a 3mm diameter homemade
platinum, a gold disc electrode, or an inlab constructed carbon paste screen printed

electrode) as the working electrode in the different experiments. The reference elect
was a BAS Ag/AgCl (3M NaCl) type and the auxiliary electrode was made from a
platinum mesh. The voltammetry was performed using a MacLab potentiostat
(ADInstruments, Australia) interfaced through a MacLab system (ADInstruments) and
recorded using EChem software (ADInstruments) on a Macintosh computer. pH
measurements were made on a DENVER Model 20 combined conductivity/pH meter.
UV-vis spectroscopy was carried out on a Shimadzu UV-1601 spectrophotometer.
Spectra were recorded between 300 and llOOnm in a quartz cell with KC1 as the
reference solution.

5.2.3 Procedures

The glassy carbon disc electrodes were polished with a 0.3 pm alumina slurry on a

polishing pad, followed by a 0.05 um slurry, thoroughly rinsed with deionised water a

dried prior to use. The sulfonated polyaniline (PMAS) solution was prepared by mixing
0.90% w/v PMAS in 0.1M KC1. Plate counts were performed at Tecra Diagnostics by
making appropriate dilutions of the Listeria cultures. These were then smeared on
Triptone Soy Agar (TSA) plates and incubated overnight. Colony counts and species
identification was then performed.
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5.3 Results and Discussion

5.3.1 Characterisation of the PMAS polymer

In this section, the characterisation of the PMAS polymer was investigated to ascerta

the optimal experimental conditions of the PMAS in terms of the voltammetric response

that is observed. Important parameters such as electrode substrate and the stability
polymer response were investigated. Once these optimal conditions were obtained, the
response observed upon the addition of the Listeria monocytogenes was studied.

5.3.1.1 Effect of Electrode Substrate on Voltammetric Response to PMAS

In this study, the voltammetric response at various electrode substrates to the PMAS

polymer was evaluated. The substrates investigated included platinum, gold and glassy

carbon disc electrodes. It was found that the glassy carbon electrode returned a more
reproducible response and this voltammetric response was better defined than for the
platinum or gold electrodes. These results dictated the use of glassy carbon as the
substrate of choice for further experiments.

5.3.1.2 Voltammetric Response of the PMAS

The voltammetric responses obtained at a glassy carbon electrode for the 0.9% w/v
PMAS/KCl solution are recorded in Figure 5.2. The cyclic voltammetric response
observed is similar to those reported in the literature. Tallman et al reported that

cyclic voltammetric response obtained for the PMAS in solution differed from that for
PMAS films cast or electrodeposited onto an electrode surface.

The cyclic voltammogram in Figure 5.2 consists of four redox responses (Epl-4)
normally associated with that of a sulfonated polyaniline (SPani). The forward scan
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consists of three peaks of approximately equal amplitude, and a larger peak (T) of
approximately four times the amplitude of the smaller peaks. These are well-defined
peaks which occur at 0.10V (4'), 0.40V (3'), 0.55V (2') and 0.80V (T). On the reverse
scan, only three distinct reduction peaks are observed. Peak (2) and (3) are

approximately twice the amplitude of the (4) peak. These occur at 0.05 V (4), 0.40V (3)
0.45V (2). The reduction peak (1) corresponding to the 1' peak at 0.80V is very broad
and indistinct and occurs at an approximate peak potential of 0.70V. Bergeron et al8
reported that anodic waves observed in their work at 0.40V and 0.65V were related to
polaron and bipolaron formation. Other researchers9 have shown that the redox peaks at
E1/2 = +0.40V is due to the oxidation of the reduced leucoemeraldine form to the halfoxidised semiquinone cation radical. The second set of redox peaks observed at E1/2 =
+0.70V in their work, is due to the further oxidation into the quinodiimine
(pernigraniline form) or bipolaron lattice.

The sulfonation of the PMAS is 100% (ie: a sulfonate group on every benzene ring),

giving rise to the expectation that it would be the harder to oxidise than normal Pani.

This is illustrated in the voltammogram in Figure 5.2 by the anodic peaks in the forwar
scan which appear at more positive potentials than those associated with Pani. Yue et
al10 discusses this phenomenon in great detail, concluding that as all ortho groups

reduce the basic strength of the primary aniline bases, the oxidation potential increas

In addition, the higher the degree of sulfonation of the polymer, results in that polym
being the harder to oxidise.

There are an increased number of waves observed in the voltammogram of PMAS/KCl
(Figure 5.2), than for polyaniline or other sulfonated polyanilines.2'11 Tallman and

Wallace1 hypothesized that this may be due to greater conformational flexibility of the
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solution phase polymer, permitting individual one-electron transfer steps to be resolved.
Additionally, with the high sulfonation (100%) of the P M A S polymer, the sulfonic acid
groups m a y be able to stabilize a larger number of radical cations per repeat unit of the
polymer resulting in a larger number of electron transfer steps.
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'

(a) Cyclic voltammogram and (b) differential pulse voltammogram (Step Width = 500ms,
Step Height = lOmV, Pulse Width = 50ms, Pulse Height = 25m V) of PMAS

(pH 2.6)

using a glassy carbon electrode in a 3 electrode cell at scan rates of lOOmV/s and 20m/s
respectively.
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5.3.1.3 Stability of the PMAS

Effect of pH

The effect of p H on the voltammetric response obtained was investigated. Additions of
0.1M NaOH were made to the PMAS/KCl solution and the changes in voltammetric

response observed (Figure 5.3). The pH of the 0.9% w/v PMAS was initially found to b

2.6. Increasing the pH of the solution to 4.2 resulted in changes to the voltammogra
as shown in Figure 5.3. While there is only some peak narrowing at 0.80V, there was

significant drop in peak current (Ip) associated with the peak at 0.40V. The current

dropped from 16uA to 8uA. This peak is also not as sharply defined as at pH 2.6, and

has shifted to a less positive potential of 0.30V, whereas the peak at 0.10V has alm
disappeared compared with the response obtained at lower pH.
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Figure 5.3

Figure showing the overlaid responsesfroma glassy carbon electrode due to changes in

pH. Scan rate 20mV/s.

The pH was then increased to 7.5. At this pH there is a slight increase in Ip at the

peak, however, this is not significant within the experimental error of the technique
this pH, however, the 3' and 4'peaks completely disappeared. Scheme 5.1 shows the
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interconversions between the different Pani forms. The form most commonly produced
by oxidative polymerisation of aniline is the green protonated emeraldine.12 Treatment

of this form with alkali will convert this to the blue emeraldine base. Stejskal et al
reports that this transition occurs between pH 6 and 7. The emeraldine base is a non-

conducting form of Pani. This could then account for the loss of activity seen in Figu
5.3 associated with the corresponding pH changes. Of note is that there are no
significant changes in either Ip or Ep at the 1' peak. As observed earlier, Yue et af
their work on Pani, assigned this peak at 0.80V to the further oxidation of the
protonated emeraldine to the quinodiimine or pernigraniline form of Pani. This

oxidation to the pernigraniline form of Pani involves the addition of electrons and no
hydrogen cations. This oxidation step in Pani is therefore pH independent. It would
follow that this phenomenon is also observed for sulfonated polyanilines, such as
PMAS. This would then account for the results observed in Figure 5.3. The
interconversions of Pani are shown in Scheme 5.1.14
Blue Protonated Pernigraniline

Violet Pernigraniline Base

^_s___©_a_^ _£ _>»-#-"-C
+H
+e
Green Protonated Emeraldine

Blue Emeraldine Base

c^-™-®-™-^) —

§>-™-®-N=C

+e
Colourless Leucoemeraldine

*x

§)-NH-<g)-NH-^
Scheme

5.1

Schematic

showing

the interconversions

between

the different forms

note are the left-hand side interconversions between the colourless leucoemeraldine,
protonated emeraldine and protonated pernigraniline which are pH independent.

of polyaniline.

Of
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Effect of Scan Rate

Voltammograms were recorded at four different scan rates to ascertain the effect of s
rate on the PMAS/KCl solution response. The scan rates employed were 25, 50, 100 and

200mV/s. The results are illustrated in Figure 5.4. Plotting the Ip response at the th

prominent Ep values against scan rate, linear relationships were observed (Figure 5.5)
This suggests the PMAS is a surface bound species. Of note is that the Ep value
associated with the 1' peak shifts to higher potentials when employing a faster scan

The Ep value for the scan recorded at 25mv/s is at 0.85V, whereas the Ep value for th
200mV/s scan rate is at 0.92V. The peak shape however, appears to become more
defined at higher scan rates. For these reasons, all future cyclic voltammograms were
recorded at both 20 and 100mV/s.

Figure 5.4

Effect of scan rate: Overlay showing voltammograms recorded at scan rates of 25, 50,

100and200mV/s.
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Plot showing the linear relationship between Ip and scan rate measured from the
voltammograms recorded in Figure 5.5.

Effect of PMAS

Concentration

A calibration curve was constructed plotting the Ip response from the 1' peak (data
obtained from cyclic voltammograms) against concentrations of P M A S from 0.3 to
10.0% w/v (Figure 5.6). Although linear throughout this concentration range, the
consistency of the solution above 3.0% w/v was extremely viscous which made working
with the solution difficult. Ensuring that the P M A S solid was completely dissolved into
solution was also difficult at these higher concentrations. At concentrations lower than
0.70% w/v, the voltammetric response varied greatly from one voltammogram to the
next. These results indicated that the most stable working range of the P M A S was
between 0.7% and 3.0% w/v.
For a comparison to the voltammogram recorded in Figure 5.2 at a concentration of
0.90% w/v, Figure 5.7 shows the voltammogram recorded in a 3 % w/v solution of
P M A S . The voltammogram is similar to those seen previously for the 0.9% w/v
solution. It was expected that the redox responses would have been more defined in the
higher concentration solution, however this was not the case.
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120

Figure 5.7

Cyclic voltammogram recorded in a 3% PMAS solution at a scan rate of 100m V/s.

Since there was no dramatic increase in definition in using a higher concentration of
PMAS, economic reasons and previous work at that concentration dictated that a
concentration of 0.9% w/v would be used for the following experiments.
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5.3.1.4 Effect of Experimental Conditions on Viability of the Listeria

PMAS Toxicity on Cells after Addition to PMAS/KCl Solution

It was of interest to determine any effect the PMAS may have on the viability of the
microorganism. A concentration of lxl05 Listeria mo/ml was added to 0.1M KC1 and
the PMAS/KCl solution. Samples were taken from these solutions at t = 0, 5, 15, 30,
and 360 min. These samples were then smeared onto TSA plates and incubated
overnight. Colony counts were subsequently carried out to ascertain any potential
antimicrobial effect of the KC1 or PMAS (Table 5.1).
Incubation Time (min)

Table 5.1

/Listeria/

in PMAS

mo/ml

0

1.0 xlO 9

5

1.0 xlO 9

15

1.0 xlO 9

30

9.8 x 10*

60

9.5 x 108

360

0

Table of results showing the toxicity of the PMAS/KCl

solution on Lister

monocytogenes.

It was found that the cells survived in the KC1, even after 6 hr incubated in this

at 37°C. In the PMAS solution, the cells showed colony forming ability up to 60 min

however they were completely devoid of this ability after 360min. Therefore, to en
that the integrity of the cells are not compromised by the characteristics of the
PMAS/KCl solution, any experiments would need to be carried out within 60min. This

time frame would ensure that the concentration of the cells would remain constant f

the duration of the experiment. This would then enable a legitimate comparison to b
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made between experiments. Since it only takes a few minutes to complete a set of
voltammograms with this technique, it was concluded that the antimicrobial activity of
the PMAS in this case would not be a problem.

Toxicity of Electrochemical Cycling

The effects of electrochemical cycling on the viability of the Listeria during the cycli
voltammetry or differential pulse voltammetry experiments was also investigated. Dhar

et al , reported in 1981 that the microbial concentration at an electrode was reduced by
99% when the cathode potential approached -0.3V (vs NHE). This would suggest that
during the course of the voltammetric experiments undertaken in this study, the
reducing potentials reached would indeed have an effect on the viability of the cells.
Okochi et al16 reported in 1995 the diminution of microbial cells by holding the cathode

potential above 1.0V. Since this potential is also reached during the potential sweep, i
was also of interest to observe any effects this potential may have on the viability of

cells. They also observed the removal of adsorbed cells at potential less than -0.2V (vs
SCE).
A lxl06 mo/ml concentration of live Listeria was added to four solutions of
PMAS/KCl. A cyclic voltammetric sweep was applied to two of the solutions for 3 and
15 cycles respectively. The other two solutions were cycled using a differential pulse
voltammetric sweep. Samples from these four solutions were then plated onto agar
plates and incubated overnight. After incubation, it was observed that the
electrochemical cycling did not have an effect on the colony forming ability of the
Listeria. This result does not deny or confirm the results of Dhar15 and Okochi16, as
these experiments were carried out in large solutions (5ml) and small samples were
taken from these solutions for plating. The local effects at the electrode surface
however, may differ from the solution effects observed in this experiment.
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5.3.2 PMAS as a Biological Mediator

In Chapter 4 (Section 4.3.5) the use of conventional mediators was investigated for t
detection of Listeria monocytogenes. In this section the conventional mediators have
been replaced by the PMAS and the possible interaction with the microorganism is
investigated.

5.3.2.1 Addition of Heat Killed Listeria monocytogenes

Upon the addition of small samples (1% v/v) of heat killed (steam bath) Listeria
monocytogenes to a PMAS solution , no significant increases in pH were detected.
Comparing the resulting voltammogram after the addition of the heat killed
microorganisms to Figure 5.2, significant increases in Ip were observed at the 1' peak.
Figure 5.8 shows this increase in Ip upon the addition of 106 mo/ml. The increasing

concentration of cells resulted in an increase in Ip. However, of greater interest in th
study was the effect of viable Listeria cells.

Figure 5.8

Figure showing the increase in peak height resulting from the addition of 106

mo/ml. Scan Rate lOOmV/s.
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5.3.2.2 Addition of live Listeria Microorganisms

With the addition of live Listeria monocytogenes the reverse phenomenon was observed
compared to that of the heat treated microorganisms. Instead of the peak heights
increasing with increased concentration of Listeria, the peak heights decreased. The
0 8

concentration range investigated was 1x10 to 1x10 mo/ml. The results are shown in
Figure 5.9 with the peak currents that correspond to these cyclic voltammograms shown
in Table 5.2.
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Figure 5.9

0.8
ns, Upper L:

Overlaid cyclic voltammetric responsesfromthe addition of increasing concentra

Listeria, in the range oflO1 to 107 mo/ml. Scan Rate 50mV/s.
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Concentration
(mo/ml)

PMAS
101
102
103
104
10s
106
107
108
R2
Table 5.2

Log
[mo/ml]

0
1
2
3
4
5
6
7
8

Ipc

Ipc

Ipc

Ipc

Ipa

Ipa

Ipa

0.8V 0.55V 0.40V 0.10V 0.054V 0.358V 0.442V
(\iA)

M. M. M.

33.8

13.2

10.3

32.0

11.9

29.9

10.6

27.6

9.2
8.2
7,0
6.0
5.4
5.6

9.6
8.9
8.0
7.5
6.7
6.0
5.0
5,1

25.6
23.4
21.3
19.3
15.8

1.2
1.1
1.1
0.9
1.0
0.8
0.7
0.3
0.6

0.995 0.961 0.989 0.799

(»A)

(»A)

(uA)

-14.4

-14.6

-14.5

-13.3

-13.5

-13.2

-12.3

-126

-11.9

-11.6

-12.0

-10,9

-10.5

-11.0

-9.6

-9.7

-10.1

-8.1

-8.6

-9.4

-66

-6.3

-9.2

-6.4

-6,3

-7.1

-6.3

0.982

0.981

0.972

Table showing the Ip currents corresponding to the 4 oxidation and 3 reduction peaks
visible in the cyclic voltammogram shown in Figure 5.10.

A plot of the peak currents tabulated in Table 5.1 corresponding to the 1' peak pote
of 0.8V in Figure 5.9 shows the relationship of a decreasing Ip with the increasing

concentration of Listeria (Figure 5.10). This relationship is linear over the concent

range tested. A linear regression (R ) value of 0.995 was obtained for this plot. By
0 7 9

calculating the linear regression over the range from 10 - 10 , the R value increases
towards 1.000. After the addition of 107 mo/ml Listeria the decrease in linearity
suggests that the saturation point of the PMAS may in fact be reached. Continual

additions show a further decrease in Ip, however the plot becomes less linear with e
subsequent addition.

It was thought that this result would be overcome by increasing the concentration of
PMAS. In a further experiment, a 3.0% w/v solution of PMAS was substituted for the
0.9% w/v solution normally used. A second set of voltammograms were then recorded
across the same concentration range. These results are not shown here but resemble

those in Figure 5.9, except the peak currents recorded are larger. Plotting the peak
currents from these results did not improve the results obtained in Figure 5.10.
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Figure 5.10 Plot of the relationship between In and cell concentration

For concentrations above 1x10 mo/ml, the linear regression for the plots decreases
dramatically. Initially it was believed that one possible mechanism to explain these
results was that the Listeria was binding to the polymer itself and possibly dropping it

out of solution. If this were the case, upon the concentration of microorganisms added to
the PMAS reaching a certain level, the observed response would begin to drop off. In

this instance, it appears to occur when the concentration of the Listeria increases abov
lxlO7 mo/ml. Further discussion on the possible mechanism of the interaction between
the PMAS and the Listeria is introduced later.

Removing the electrode from solution, gently rinsing with Milli-Q water, then placing it
in a fresh PMAS solution resulted in an Ip increase equal to that of the original PMAS
solution. This suggests that the microorganisms are not adsorbed onto the surface of the
electrode and subsequently transferred to the fresh PMAS solution. As mentioned

previously Dhar et af, reported in 1981 that the microbial concentration at the electrod
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was reduced by 99% when the cathode potential approached -0.3V (vs NHE). This
would suggest that during the course of the above experiments that any microorganisms
that are adsorbed during the forward scan, are removed when the scan reaches reducing
potentials. This above observation would support this assumption.
If the solution is not stirred after the addition of the viable microorganisms, then

increases in Ip are observed. If the solution is stirred and then stopped immediately
to the voltammetry, these increases do not occur and the expected decrease in Ip

becomes apparent. This also suggests that the cells in close proximity to the electrod
surface are in fact being affected by the potential sweep. This local effect at the
electrode surface was alluded to previously. The potentials reached, being either
oxidising, reducing, or both may be destroying the cell wall of the microorganism and
therefore its' interaction with the PMAS resembles that of the heated cells. It would
therefore be of benefit to understand the exact processes involved at the electrode

surface during the course of a potential sweep and not limited to what occurs in the b
solution.
Plotting the peak currents at each potential against the log of the concentration of
microorganisms, linear relationships were also observed for the peak currents

corresponding to the other peak potentials listed in Table 5.2 (the 2', 3' and 4' peak
The corresponding R2 values however, were somewhat lower than those for the V peak
at 0.80V. Since the peak at 0.80V was shown to be unaffected by changes in pH (see

section 5.3.1.3), and a good linear relationship was observed, this peak was used as t
basis for an analytical signal.
The limit of detection that was observed using cyclic voltammetry was found to be 10

mo/ml. Concentrations smaller than this value did not result in any change in Ip of th

PMAS.
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i) Effect of Electrochemical Waveform
Differential Pulse Voltammetry
The interaction between the microorganisms and the PMAS could also be detected
using differential pulse voltammetry (DPV). Responses to the PMAS were obtained
when scanning in both the negative to positive and positive to negative directions.
Figure 5.11 shows these two responses. The top voltammetric trace shows the response
obtained when scanning in the negative to positive direction, whereas the bottom trace
shows the response obtained when scanning in the opposite direction. This
voltammogram is almost the mirror image of the top trace. Normally, when a waveform
is scanned from positive to negative, the peaks observed are associated with the
reduction of the electroactive species. In this case, the peaks observed for the PMAS
at different potentials than those observed in the cyclic voltammograms of the PMAS
recorded previously (Figure 5.2). As Ep was found to be scan rate dependent in the
previous results recorded above, it would follow that this would also be the case for
differential pulse voltammetry.

B,

a
0
-4

-8

-_4

-42

6

02

G.4

46

9.8

Potential (V)

Figure 5.11 Voltammetric response using differential pulse voltammetry recorded in opposite
directions in the PMAS solution (0.94%w/v). Scan rate 20mV/s.
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The voltammogram recorded in the negative to positive direction has sharper defined
peaks than those recorded in the opposite direction. It is for this reason that it was

decided to record all future differential pulse voltammograms in the negative to positi
direction. Figure 5.12 shows the overlaid responses upon the addition of increasing
concentrations of Listeria to the PMAS solution. The same trend was observed as with

the cyclic voltammetric responses, in that there was a decrease in Ip when increasing t
concentration of Listeria from 10° to 108 mo/ml.

Table 5.3 shows the Ip response associated with each peak (1', 2', 3' and 4') in the
voltammogram.

Figure 5.12
Rate20mV/s.

Overlaid results of the DPV's for the addition of 1x10° to lxlO8 mo/ml Listeri
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Concentration (mo/ml) log [mo/ml] 0.77V

10°

0.355V

0.06V

0

13.3

10.8

16.2

7.8

1

1

12.6

10.3

15.0

7.1

2

2

11.8

8.1

13.8

6.7

3

3

11.0

7.2

12.6

6.2

4

4

10.3

6.4

11.5

5.9

6

5

9.5

5.6

10.3

5.4

6

6

8.7

4.6

8.9

4.7

7

7

7.8

2.2

7.2

3.3

8

8

7.2

1.2

6.1

1.0

0.999

0.973

0.996

0.951

10

10
10

10
10

10

10

10

R2
Table 5.3

0.48V

Table oflp currents at each peak potential from the differential pulse voltamm

responses in Figure 5.11.

Plotting the Ip response (Table 5.3) for the DPV's produced relationships with varying

degrees of linearity. Figure 5.13 shows the overlay of these four plots, recorded in t
forward scan. As expected, the R2 value for the 1' peak was the highest (0.999). This

corresponds to the result obtained for the cyclic voltammograms. The R2 value for the 3
peak also showed that the plot possessed very good linearity (0.996).

log [Listeria]
-Ipr

Figure 5.13

-lP2-

Ip3'

JP*_

Plot of the relationship between Ip and log /Listeria^ for the differential pu

voltammetric responses.
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The limit of detection using this waveform was again found to be 10 mo/ml. This is
comparable to the use of cyclic voltammetry, however the differential pulse

voltammetric responses are more defined and easier to distinguish than those genera
using cyclic voltammetry.

Variations in Response

It was noted during the course of the differential pulse voltammetric experiments th
the observed voltammogram did not always appear the same as in Figure 5.11. When
comparing the voltammograms shown in Figures 5.11 and 5.12, it can be observed that

the ratios of the peak heights vary. For instance, in Figure 5.11, the 1' peak is ve
prominent and much larger than the other 3 peaks. Comparing this to the
voltammograms in Figure 5.12, it can be observed that the 3' peak is the most
prominent and larger than the 1' peak. These peak ratios were always observed in
voltammograms recorded when investigating the higher concentrations of PMAS.

Also of note is the changing position of the 4' peak. In Figure 5.11, this peak occu
0.1V, whereas in Figure 5.12, this peak is found at 0.05V. On some occasions the
voltammogram only showed the 3' and 1' peaks. As the PMAS solutions were freshly
prepared for each experiment (from the same bottle of PMAS solid), one possible
explanation for this difference in voltammograms, is that the PMAS polymer is a

combination of many different molecular weight fractions. These different fractions
possess slightly different chemistries resulting in differing E0 values which would

explain why the redox peaks observed in the above figures change. Depending on which
fractions are more concentrated in each sample will result in voltammograms with

slightly different E0 values. The importance of this phenomenon is discussed further
Section 5.3.4.
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Square-wave Voltammetry

Square-wave voltammetry was also conducted to determine the sensitivity of this
waveform compared to either cyclic voltammetry or differential pulse voltammetry. The

results obtained with this technique were similar to those already obtained with the ot
two techniques used. However, one major difference is the prominence of only two
peaks in the voltammogram (1' and 2' in Figure 5.14). The third peak (3') is much
smaller than the responses observed in the voltammograms recorded using the other two
waveforms. The peak current generated using this waveform (30-40uA) is also

significantly higher than that generated using differential pulse voltammetry (10-15uA)

Additions of Listeria resulted in the same decrease in Ip for the live microorganisms as
observed previously (Figure 5.14). The larger peak current generated using this
waveform which allows greater resolution in results, however, did not translate into
lower detection limits.

Figure 5.14

Overlaid square wave voltammetric response from the addition of the Listeria.
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Comparing the results obtained for the DPV and SWV with the CV results reported
initially, it can be concluded that the use of the DPV waveform is preferable. The

reasons for this choice is that the results obtained show that the calibration curv
the DPV waveform possess more linearity compared to the other two waveforms.

Comparing R values for the 1' peak, the DPV curve is most linear with 0.999 followed
by the SWV and then CV (0.998 and 0.995 respectively). Similar results can be
observed when comparing the R2 values for the 3' peaks (DPV = 0.996, SWV = 0.990
and CV = 0.989). A second reason for this choice is that the DPV waveform shows all
four redox peaks associated with the PMAS, whereas the SWV waveform only shows
two prominent redox peaks. In terms of sensitivity, no observable differences were

detected in any of the three different waveforms investigated. However, the DPV resu
appeared more reproducible than those recorded for the SWV or CV waveforms.

ii) Effect of Narrow Potential Range

The use of a narrow potential range for response generation was also considered. Sin
the most useful Ep for these experiments was considered to be the peak at 0.80V, it

decided to investigate the effect of the potential range applied. The potential ran

the differential pulse voltammetry experiments carried out in Section 5.3.2.2 i) was
1400mV. This was reduced to 300mV, to scan between 0.7 and 1.0V, for this

experiment. The results of this shortened potential scan appear in Figure 5.15. Usin

this smaller potential range, the results observed were similar to those obtained us

the larger potential range recorded earlier (5.3.2.2 i). As observed initially, the

of increasing concentrations of Listeria resulted in decreases in Ip associated wit

PMAS peak at +0.80V. A calibration curve (R2 = 0.988) for the addition of the Lister

in the range of 1x10° to lxl08 mo/ml was constructed from the Ip values recorded. Th
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R 2 value was found to be significantly lower than the full range voltammetric scan.

The use of the narrow potential range would be advantageous as it would be simpler to

construct and run a smaller potential range scan than a larger one. This would similarly
simplify the data collection process. Since this smaller potential range (300mV) has
only one peak whereas the larger potential range (1400mV) encompasses four peaks,
there is less information to store and evaluate requiring a smaller and less complex
processor. Choosing a narrow potential range would negate the findings on the previous
page, as it was considered that DPV was advantageous over SWV since the DPV
waveform resolved all four redox responses. However, as the results show, a
compromise in using a narrow potential range is a loss in linearity of the results.

Figure 5.15

Overlaid responses of the DPV results from using a narrow potential range (+0

+1.00Vvs Ag/AgCl at a scan rate of 20m V/s).
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Hi) Effect of Culture Broth

The effect of the addition of the culture broth that the Listeria microorganisms are

cultured in is also important. The culture broth used for the incubation of the Listeri
the TSB (YE) broth. To replicate the experiments being carried out, dilutions of the
0 8

T S B ( Y E ) were m a d e in the range corresponding to the 10 to 10 Listeria mo/ml
normally added. These dilutions were made in the 0.1M KC1 that is used as the PMAS
solution supporting electrolyte. Additions were then made from these dilutions to the
PMAS solution. There is an apparent decrease due to the TSB(YE). However, this

decrease in comparison to the decrease attributed to the presence of the Listeria is ve
small. Figure 5.16 shows the responses due to the addition of both the TSB(YE) and an
addition of lxl 06 Listeria mo/ml. At the 1' peak potential there is a decrease of
approximately 0.2uA upon the addition of the TSB(YE) and a 2uA decrease upon the
addition of the cells. This 10% decrease was seen for all the concentrations tested in
experimental range.

Figure 5.16

Overlaid response indicating the addition of both the 104 dilutions ofTSB(Y

live Listeria cells.
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iv) Effect of Metabolites

It was also of interest to determine whether any of the observed changes was due to the
release of metabolites during the growth of the Listeria. Metabolites are released from
the microorganisms metabolic pathways during their normal activity. These metabolites
include H2, CO2, ethanol, acetate, lactate, succinate and formate17 that may be present

the cell culture broth in addition to the Listeria added to the PMAS solution. Therefore
it was of interest to know whether these metabolites could produce a change in the
PMAS response.

Centrifuging the organisms from the cell culture and adding these to the PMAS solution
produced similar responses to those observed for the addition of the live
microorganisms in Section 5.3.2.2. The Ip values were comparable to those obtained
previously. That is, they were approximately 90% of the change in Ip attributed to the
organisms in the cell culture. Addition of the supernatant resulted in no significant
changes to the Ip observed for the PMAS/KCl solution. This result confirms
Muramatsu's findings that no response is obtained for the protoplasts or extracellular
products of the organisms.18

Matsunaga et al19 reported that there was no change in respiratory activity of the
microorganism when the surface of the electrode was covered with a dialysis membrane.

This suggests that the cell does not have to be in contact with the electrode for electr
transfer and that some other electron pathway is occurring. Matsunaga concludes it is
Coenzyme A in the cell wall that mediates electron transfer to the electrode. Allen
reports that responses obtained in their work with membraned and non-membraned
systems show that the response is due to direct contact of the organism with the
electrode surface. This anomaly in the literature may be attributed to the different
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microorganisms that were investigated in each case.

Allen et al20 further suggested that during the course of active metabolism there is a
continuous transfer of electrons from the cytoplasm to the cytoplasmic membrane and

the cell wall surface. Allen also reported that some of the terminal oxidative proces

occur predominately at the cytoplasmic membrane surface. Therefore, it can be assumed
that there are electrons present on the outer surface of the microbial cell wall. It

follow that at sufficient concentrations of microorganisms, electron transfer would o

between the microorganism and a suitable electrode substrate. For Listeria, experimen
in this study (Section 4.3.1.1) have shown that there is no voltammetric response
obtained for the microorganisms themselves. A contradictory response was reported by
Matsunaga et al21 who recorded the direct cyclic voltammetric response of a bacteria
and yeast at high concentrations (<109 mo/ml).

The PMAS must therefore be acting as a conventional mediator in mediating the

electron transfer from the cell wall to the electrode. If the electrons are present o

cell wall and merely need mediating to the electrode surface, it would therefore foll
that any conventional electron mediator would suffice. The work undertaken here both
supported and contradicted this hypothesis. No changes were observed with a
conventional mediator such as ferricyanide (see section 4.3.5.1), however the use of

Toluidine Blue (see Section 4.3.5.4), for example, did result in response changes aft

the addition of the Listeria. The key point is that these changes were only observabl

high concentrations (>106 mo/ml) of Listeria. For example, Toluidine Blue, resulted in
changes to Ep rather than Ip. Generally, changes in Ep are associated with pH changes
and these changes were also found to be non-linear with respect to concentration.
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It could be suggested that the smaller mediators do bind to the cell and therefore
undergo electron transfer but these small changes are not communicated to the electrode
surface unless the Listeria is present in high concentrations. In the case of the PMAS,
with its conjugated backbone, small changes observed at one end of the polymer may in
fact become amplified along the polymer backbone and be easily communicated to the

electrode surface. This amplification may be the reason behind the increased sensitivity
reported with the use of this technique. This reasoning may also explain the difference

in the different responses obtained for the live and dead cells, however this is currentl
not well understood.

The earlier results reported above, suggest that the PMAS is being adsorbed onto the
electrode surface during redox cycling. It may therefore follow that the electrode is
being modified by the polymer, resulting in a PME with a tenticular structure emerging
into the sample solution (Scheme 5.2).

Scheme 5.2

Schematic showing the way in which the PMAS
acts as an electron transfer mediator.

adsorbs to the electrode
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5.3.2.3 Determination of Listeria Concentrations in Real Samples

The aim of this work was to produce a sensor capable of detecting Listeria in real

samples, making it necessary to attempt detection in a more complex matrix than the
pure water samples. Ultra High Temperature (UHT) milk was obtained from the a

supermarket. This type of milk was used because of the sterile packaging, providing
sample with no background microbial contamination. Known concentrations of the
Listeria were added to the milk matrix to ascertain the effect of the milk on the
PMAS/KCl solution. Since milk is not conductive, the KC1 is still required as a
supporting electrolyte.

Initially, the PMAS polymer was dissolved in the milk and the KC1 electrolyte was
added to the required concentration. A cyclic voltammogram was recorded in this
solution and appears in Figure 5.17.

40" • ' .-...

Figure 5.17

A cyclic voltammogram recorded in the milk/PMAS/KCl solution. Scan rate =

WOmV/s
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It is obvious that the voltammetric response is distorted in the milk matrix compared to

those in Figure 5.2 that were recorded in the KC1 electrolyte. These initial results di
support the prospect of obtaining a dilution series in this matrix. Diluting the

concentration of the milk in the final sample was the next option considered. A decrease
in milk concentration to 10% v/v did not make any apparent difference in the response
obtained. Visually, what appeared to be occurring in the electrochemical cell was that
the milk solution was curdling upon addition to the PMAS/KCl solution. This can be
explained due to the change in pH, as the pH of the PMAS/KCl solution is 2.6 (as seen
in Section 5.3.1.3) and milk curdles at low pH.

The final option was to prepare a diluent containing 10% v/v milk and 90% v/v 0.1M
KC1. This is in effect, the same as diluting a contaminated milk sample 1:10 into the
KC1. The Listeria microorganisms were then diluted into this diluent before being added
1:10 to the PMAS/KCl solution in the electrochemical cell. This resulted in the final

concentration in the electrochemical cell comprising the Listeria at 1:100 of the initi

cell concentration and the milk at a final concentration of 1% v/v. Recording a dilution
series in this matrix resulted in the responses shown in Figure 5.18. Even at this low
concentration of milk, after the second addition of the Listeria/milk/KCl solution, the
milk began to curdle in the PMAS solution. Therefore, this option was the most

successful of the three trialled, however it is not ideal, as a complete standard addit
can not be successfully completed. As mentioned previously, the standard addition of
Listeria is important since the peak current associated with the PMAS changes from one
solution to the next. A complete dilution series acts as a calibration curve for each
experiment. Without this, it is impossible to confidently compare sets of results.
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Dilution series o/Listeria intfie1 % milk/PMAS/KCl solution; a) cyclic voltammetric an

b) differential pulse responses. Scan rates 50mV/s and20mV/s respectively.

One observation that can be made in relation to the voltammetric results is th

for the peak normally at 0.8V increases upon each addition of the milk/KCl sol
the PMAS/KCl matrix (Figure 5.18a). This increase is approximately 60mV across
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injections. This is a reversal of what has been observed previously upon the addition of
the Listeria in aqueous KC1 to the PMAS. Decreases in Ep have usually been observed
upon the addition of the Listeria to the PMAS/KCl solution. This increase in Ep upon
each addition of the milk suggests that it is harder to oxidise the polymer from the
emeraldine to pernigraniline form that is associated with the Ep of 0.8V. This could be
due to the influence of the milk in the PMAS/KCl solution, which could be decreasing
the conductivity of the electrolyte solution, making the polymer harder to oxidise.

A further explanation for this observation could be discussed in terms of an actual
physical interaction of the microorganism with the polymer backbone (Scheme 5.3).

Whether the microorganism actually binds to the polymer or in fact just interacts with i
cannot be ascertained from these results. Scheme 5.2 suggests a possible pathway for
increased electron movement within the polymer matrix with the involvement of the
microorganism itself. The continual addition of a microorganism to the PMAS/KCl
solution could result in binding of the microorganism to the non-specific binding sites
on the polymer backbone. The result of this may be that it is easier for electrons to

undertake intra- and inter-chain hopping. In the first instance, the highly conductive K

supporting electrolyte fills any void in the polymer matrix (i). Any voltammogram of the
PMAS/KCl would only involve the movement of electrons along the polymer backbone.
Upon the first addition of Listeria (ii), an interaction is observed in the resultant
voltammogram. Continual additions of microorganisms (iii and iv) leads to binding at
more sites along the polymer chain and the electrons find it easier to hop along the
polymer chain (intra-chain) and from one polymer chain to a separate nearby chain
(inter-chain).

Chapter 5 - Conducting Polymer Mediators

In Solution

Electrode
•4

206

•

i)

in)

iv)

Scheme 5.3

Schematic showing the interaction of the Listeria with the polymer backbone and the

electron movement involved in the oxidation processes of the polymer. Intra-chain
hopping is indicated in black and white and inter-chain hopping is indicated in blue.

This increase in electron hopping correlates with an increase in the conductivity of
polymer, which in turn corresponds to easier oxidation and reduction of the polymer.

The corresponding redox peaks for a polymer that is easier to oxidise or reduce appea

at lower potentials compared to those that are harder to oxidise or reduce. The resul
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discussed in this study show that this decrease in Ep is observed at all oxidation (l',2'
and 4') and reduction peaks (1,2,3 and 4) using all three waveforms utilised.

In the second set of experiments involving the milk matrix, the opposite change in Ep is

observed. That is, there is an increase in Ep indicating the polymer is harder to oxidise
from the emeraldine to pernigraniline form. In this case, the curdling of the milk
interferes with the electron hopping (both intra- and inter-chain) and the ensuing
oxidation process is harder to achieve. The problem is exacerbated since the addition of
more microorganisms coincides with the addition of more milk.

Table 5.4 shows the Ip generated from the voltammograms recorded in Figure 5.18
above. Comparison of the R2 values from the linear regression of these results indicate

that these calibration curves are considerably less linear compared to those obtained for
the Listeria in water (Table 5.2 and 5.3). Repeated experiments did not improve the

results. Interestingly, cyclic voltammetric responses generated linear calibration plots
with a higher R2 value than those using differential pulse voltammetry across similar
potential ranges. However, in the milk matrix using differential pulse voltammetry over
the narrow potential range (0.7V to 1.0V) produced calibration plots with higher R2
values than those for the large potential range experiment. These results differ from
those obtained in the simpler aqueous KC1 matrix, where the differential pulse
waveform proved to be both more sensitive and to produce higher linearity calibration
plots.

It has been suggested that the DPV waveform limitations were most prominent when the
solution matrix under examination was ,,dirty", for example environmental samples.
When samples of this kind, and the milk samples would fall into this classification, are

studied, the variation in the matrix can alter the DPV response for the analyte of intere
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and make calibration of the procedure less reliable. Since this phenomenon was
encountered in the milk samples, it could be suggested that the DPV waveform is not
suitable for the determination of the microorganisms in milk samples.

Square wave voltammetry is a more powerful waveform in that it is a faster waveform

than the differential pulse waveform. This would suggest that SWV is able to overcom

slower electron transfer reactions than DPV23, as would be expected in a more complex
matrix as the milk. However, it was found that this was not the case. The results
obtained (not shown here) resemble those obtained for the DPV experiments, in that
both showed less sensitivity and reproducibility compared to the CV waveform.

From the experiments described above, it is clear that the elucidation of results i

matrix is more complicated than for a less complex matrix such as a clean water samp

The attempt at microbial detection in such a complex media highlighted problems that

must be addressed if successful detection of Listeria in real samples is to be achie

CV

/Sample/

(0.8 V)

(0.8 V)

(0.8 V)

PMAS

0

62.0

11.9

9.9

10'

1

53.6

10.1

9.3

102

2

50.3

8.8

7.0

103

3

43.7

7.3

6.3

104

4

40.7

6.7

5.8

105

5

37.3

6.2

4.8

106

6

34.3

5.4

4.4

0.903

0.879

0.905

R2
Table 5.4

DPV

Log

Sample

Narrow E

Table oflp results from voltammograms recorded in Figure 5.20.
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5.3.3 An Alternative Technique to Determine the PMAS-Listeria Interaction

UV-vis spectroscopy is an often-used tool for the characterisation of conducting
polymer processes. Application of this technique to the PMAS - Listeria interaction

would enable the determination of whether the interaction is a redox reaction or not. T
formation of a new absorption peak on the UV-vis spectrum is indicative of a change in
the redox state. The voltammetric experiments undertaken previously did not suggest
this, as there were no observable changes in the redox activity of the PMAS upon
introduction of the Listeria microorganism.

5.3.3.1 UV-vis Spectroscopy of the PMAS - Listeria interaction

An initial concentration of 0.9% w/v PMAS was used, however this was found to be too

high to obtain a spectrum within the linear range of the UV-vis spectrometer. Therefore
a diluted solution (0.005% w/v) was used for these experiments. A spectrum of the
PMAS/KCl solution appears in Figure 5.19. The spectrum shows a single prominent
peak at 472nm and a free carrier tail region above 800nm, indicating the polymer is
conducting. The peak at 472nm could be attributed to a polaron band transition.24
Barbero et al

5

reported that the hyposochromic shift (blue shift) in the UV-vis spectru

of sulfonated polyanilines with respect to normal polyaniline is due to the inductive
effect of the sulfonic acid groups on the aromatic rings. This is because the strong
electron-withdrawing nature of the sulfonic acid groups on the benzene ring causes an
increase in the band gap. In addition, the sulfonate groups increase the steric strain

the backbone of the polymer. This increases the torsional angle between adjacent rings,
decreasing the intrachain interaction, which leads to further increases in band gap.26

Therefore the higher the sulfonation of the polymer, it would be expected the greater t
shift to lower wavelengths. Nguyen et al27 reported that a band in the 500nm region
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corresponds to the exciton transition of the sulfonate groups. This could explain the
presence of the observed peak at 472nm.

The spectrum for the PMAS - Listeria obtained here is different to those reported

previously in the literature.28 The spectrum lacks an absorption band in the 300-330n

region corresponding to the 7i-7t* transition of the benzenoid rings29 and an absorpt
band in the 800-900nm region corresponding to a polaron/bipolaron band. The lack of

7t-7i* transition and a polaron band in the 800-900nm region suggests that the polym
in the undoped state. Increasing the concentration of the PMAS in the cell to 0.01%

w/v resulted in the appearance of a band at 330nm, which is normally associated with

the TI-TI* transition. However, there was still no band in the 800-900nm region (Fig
5.20).
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Figure 5.19
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The UV-vis spectrum of the 0.005% w/v PMAS/KCl solution.
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900

Chapter 5 - Conducting Polymer Mediators

300

600

400

211

700

800

Wavelength (nm)

Figure 5.20

The UV-vis spectrum of the 0.01% w/v PMAS/KCl

solution, showing the n-n* transition

at 330nm.

Addition of Listeria to a final concentration of lxlO6 mo/ml resulted in a significant
decrease in the absorbance of the peak at 472nm (Figure 5.21). No new peaks were
observed, which provides additional evidence to show that the interaction between the
polymer and the microorganism is not a redox reaction.
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Figure 5.21
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The UV-vis spectrum of addition oflxlO6 Listeria mo/ml.
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A reference spectrum was recorded with 0.1M K C 1 (Figure 5.22). A s expected, no peaks
were observed in the spectrum. U p o n the addition of the Listeria to the KC1, no changes
to the spectrum were observed. This observation supports the hypothesis that the P M A S
interacts with the microorganism and that this interaction is the basis of detection.

Serial additions of Listeria were made to the PMAS in the UV-vis cell to determine
whether continual additions would result in any changes to the spectrum. A solution of
0.01% P M A S / K C l was placed in the UV-vis cell, and a spectrum recorded. Additions of
1,2,3,4 and 5 xlO 6 mo/ml Listeria were made. Spectrums were recorded after each
addition and these can be seen in Figure 5.23. Each increase in concentration resulted in
a 0.1 decrease in absorbance value.

Figure 5.22

The UV-vis spectrum of KCl, prior and subsequent to the addition of the Listeria to a
final concentration of lxl 06 mo/ml.
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Figure 5.23

UV-vis spectrum of the serial addition ofl, 2, 3, 4 and 5 x 106 mo/ml Listeria to a 0.01%

PMAS/KCl solution.

From this plot, it would appear that the higher the concentration of microorganisms the
lower the absorbance at 472nm, suggesting that if the concentration of microorganisms
was high enough, the peak at 472nm would disappear from the spectrum. To prove or
disprove this suggestion, a 0.001% w/v PMAS solution was placed in the spectroscopy
cell and a spectrum recorded. Additions of 1 x 106 mo/ml Listeria were then made to

this solution and the resultant spectrum recorded. These spectra appear in Figure 5.24
Upon initial observation it appears that the absorbance peak is increasing with each
addition, however, the baseline absorbance is increasing as well, so that the actual
absorbance peak is decreasing. Continual additions resulted in the 472nm peak almost
disappearing from the spectrum.
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UV-vis spectrum of the serial addition of 1, 2,3 and 4 x 106 mo/ml Listeria to a 0.005%

PMAS/KCl solution.

5.3.3.2 PMAS Fractions

The PMAS polymer is made up of many different molecular weight fractions combining
to give the polymer an average molecular weight of lOOOOamu. It was of interest to
determine whether the individual fractions themselves interacted with the

microorganisms and if so, whether the interaction was similar to that of the parent
polymer. The PMAS polymer was fractionated using a Waters GPC unit. The polymer

was divided into 8 fractions covering the molecular weight range of 1700 to 21000 a

Of importance is that the pH of the fractions is 9, which is significantly higher t

pH of the parent polymer (2.6). Table 5.5 shows the molecular weight of each fracti
recovered.
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Fraction Molecular Weight (amu) Fraction Molecular Weight (amu)

1

21000

5

9000

2

18200

6

5400

3

13700

7

2400

4

10800

8

1700

Table of molecular weights of the fractions recovered from the PMAS polymer.

Table 5.5

Spectroscopy of Fractions

Fraction 1, the highest molecular weight fraction produced little or no peaks of inte

in the UV-vis spectroscopy (Figure 5.25a). The major absorbance peak observed for the
PMAS at 472nm was not apparent. There was however, a broad band at 780nm (polaron
band). Upon addition of lxlO4 mo/ml Listeria there was a change in the baseline
absorbance in the region below 700nm but no change at 780nm.

The spectrum of Fraction 2 was slightly different to that of Fraction 1. Two peaks ca
observed: a narrow peak at 380nm and a large broad peak about 780nm. Upon the
addition of the Listeria, there were slight increases in absorbance at 380, however,
was a significant decrease in absorbance at 780nm.

0.8

8
C
| 0.6

I

400

500

600

700

Wavelength (nm)
Fraction 1

+ Listeria k
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Fraction 6

Figure 5.24

The UV-vis spectra of each of the 8 Fractions obtained from the parent PMAS polymer.

The blue spectra in each spectrum is of the parent fraction and the pink spectra is the
spectrum recorded after the addition oflxlO4 mo/ml Listeria
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The spectra recorded for Fractions 3, 4 and 5 resemble the uv-vis spectra reported in
literature for sulfonated polyanilines.22'25,26 That is, there are 3 absorption bands
prominent in the spectrum. There are absorption bands at 300-3 lOnm, 380-400nm, and
780nm. These would be for the n - n* transition and two polaron peaks respectively.31

There is also a peak visible at 472nm, similar to that seen for the parent polymer. Th

fractions also show much stronger absorption's than Fractions 1 or 2. Upon addition of
the Listeria, there were decreases in absorbance at 380-400nm and 780nm peaks, no
change at 300-3lOnm and an increase in absorbance at the 472nm peak. The decrease in
absorbance observed was much larger than for the first two fractions. The increase in
absorption at 472nm was also significant in size and larger for Fractions 4 and 5
compared with Fraction 3.

The spectra recorded for Fractions 6, 7 and 8 show the same generic peaks, although
they resemble the high molecular weight fractions 1 and 2 more than 3, 4 or 5. For
Fraction 6, the absorption bands at 380-400nm and 780nm are not as strong as for the
heavier fractions. The absorbance of the band at 472nm, however, is the same as for
Fractions 3, 4 and 5. The polaron band at 380-400nm continues to disappear in

Fractions 7 and 8. The absorbance of the other two bands have also diminished. The n -

K* transition at 300-310nm is no longer defined, which makes the spectra resemble that

of Fraction 2. Upon addition of the Listeria, the respective decreases and increases a
still apparent, however, the magnitude of these changes decreases respectively from
Fraction 6 to 8.
As mentioned above, for Fractions 1, 2, 3 and 4 the main polaron band appears at

780nm. Upon addition of the Listeria, there is no shift in wavelength. For Fractions 5
7 and 8 however, this is not the case. Upon the addition of the Listeria, there is a
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hyposochromic shift (blue shift) of approximately 10-20nm. For Fraction 5 the major

polaron band appears at 770nm and after the addition of the Listeria the band shifts
750nm. For Fraction 6, the polaron band appears at 750nm and shifts to 740nm upon
addition. For Fraction 7 and 8 the polaron band shifts from 740nm to 720nm for both

fractions for the addition. At the same time, there is no change in wavelength for t
other absorption bands observed.

The decrease in absorbance observed across all regions of the spectra for the parent

polymer, suggests that the Listeria cells could be binding to the polymer backbone a

forcing the polymer out of solution. This would result in less PMAS being in solutio

therefore a reduction in concentration would occur in the UV-vis cell, and this woul

correlate with the lower absorbance being observed. If this hypothesis was true, the

experiments conducted employing the polymer fractions would also result in decreases

in absorbance upon the addition of the Listeria. This observation is true for the 38
400nm and 780nm band, however, this is not the case for the remaining bands in the

spectra. In fact, it was observed that there are increases in absorbance at 472nm. T

would suggest that the above hypothesis is false and that the polymer is not being f

out of solution. The observed changes in spectra upon the addition of the Listeria m
then be due to some other interaction between the cells and the PMAS.

The hyposochromic shift seen in the major polaron band of the fractions may represen

stronger binding of the microorganism to the smaller molecular weight fractions of t

polymer. This binding of the cell to the polymer may interrupt the flow of electrons

the polymer backbone which in turn is what is being detected, using both voltammetri

and spectroscopic methods. The results from both the voltammetry and spectroscopy of
the parent polymer confirms this. These results suggest that there is a decrease in
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conductivity upon the addition of the Listeria. Therefore, the binding of the
microorganism must be causing this decrease in conductivity.

A set of experiments that should be carried out for comparative purposes but were

undertaken here due to limited resources, is analysis of voltammetric response to
different PMAS fractions.
5.3.4 Comparison of PMAS With Another Water Soluble Conducting Polymer
To determine whether the interaction between the PMAS and the microorganisms was
specific to the PMAS, another water soluble conducting polymer was chosen for

comparative purposes. This polymer was a water-soluble polypyrrole (WSPPy) (Figur

5.26). A cyclic voltammogram of this polymer in 0.1M KC1 appears in Figure 5.27. T
concentrations of the WSPPy used for these experiments was kept the same as the
PMAS (0.9% w/v).

CH2CH2CH2CH2S03-

N

N '

Figure 5.26 Structure of WSPPy

Mode- Cyclic Start Poll: -400mV, End Poll: -tOOmV. Hate: 100mV/e. Stop W: Boms. Upper L.
850mV, Lower L: -400mV, Cycle.: 20 (11:65 AM. Wed. 21 Oct 1998)

Figure 5.27 Cyclic voltammogram of the water soluble polypyrrole
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5.3.4.1 Addition of Microorganisms

Upon the addition of heat killed microorganisms, there were no apparent changes in
voltammetric response. There were no observable changes in the voltammogram shown

in Figure 5.27. This lack of any changes was also observed for the addition of liv
samples of Listeria. The concentration of Listeria added was lxlO8 to lxlO5 mo/ml.
Changing the electrochemical waveform made no difference.

These experiments were also conducted at a higher concentration of WSPPy. A 3%

solution of the WSPPy was prepared and upon the addition of the cells, again there
no apparent change in response.

5.3.4.1 UV-vis Spectroscopy

UV-vis spectroscopy was carried out using the WSPPy to ascertain whether any
interaction was occurring that could not be detected using conventional
electrochemistry. An UV-vis spectrum of the WSPPy is shown in Figure 5.28. This
spectrum is somewhat different to that recorded for the PMAS. Instead of one
prominent peak at 472nm, as seen for the PMAS, the WSPPy polymer exhibits a large
prominent peak at 410nm a shoulder region at 480nm and another less distinct peak
650nm. Upon the addition of lxlO6 mo/ml Listeria to the spectroscopy cell, small

changes in the spectrum can be observed (Figure 5.29). There are no changes in the
absorbance for the peaks at 410nm or 650nm. There are however, small decreases in

absorbance at 480nm and also in the free carrier region >900nm of the spectrum. Th

apparent decrease in conductivity backs up what was hypothesized previously in the

section on PMAS, that the microorganisms are binding to the polymer and this resul
a decrease in the conductivity.
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5.4 Conclusion

In this chapter the successful detection of Listeria was carried out using a water-s
conducting polymer, poly-methoxyaniline sulfonate (PMAS). This detection was

observed using voltammetry at a bare glassy carbon electrode substrate. The change i

current, measured at a potential of +0.8V, observed after the addition of the Lister
shows a linear relationship between peak current and concentration. The limit of
detection of this technique was determined to be between 10 and 10 mo/ml Listeria
with a detection time of a few minutes.

The changes recorded using voltammetry can also be observed using UV-vis

spectroscopy. Addition of the Listeria to a diluted solution of PMAS resulted in cha
in absorbance being observed. Fractionating the polymer, using GPC, into eight

different molecular weight fractions, resulted in differing changes being observed u
the addition of lxl06 mo/ml. Due to limited resources a detection limit was not
determined for this technique.

The detection of Listeria using PMAS and voltammetry was not specific and responses
were obtained for other microorganisms, including E-coli, Salmonella, and Bacillus.
However, the uniqueness of the PMAS interaction was confirmed using a second water

soluble conducting polymer (3-pyrrole butanesulfonate), which showed no mediation of
electrons from the microorganism to the electrode surface.
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Prospects

This study investigated the combination of a monoclonal Listeria antibody immobilised

into a polypyrrole film as the basis for the development of a novel Listeria biosensor
was necessary to address methods for immobilising the anti-Listeria without making it
inaccessible to the antigen and methods for generating a signal, either from the
antibody-antigen interaction to provide the detection mechanism.

Investigations considered three of the more commonly used methods for immobilising
biological components into a conducting polymer. In summary, it was found that
physical entrapment of the antibody within the conducting polymer matrix was of
limited success. Poor reproducibility between polymer films, caused by improper

orientation of the antibody was the limiting factor in this work. Co-immobilisation us

a polyelectrolyte (dextran sulfate) in the monomer solution during electropolymerisati
did not overcome these problems. It did however, lead to more favourable galvanostatic
polymerisation conditions as the polymer grew at lower growth potentials. ELISA
results for the co-immobilisation, when compared to ELISA results for physical
entrapment, suggested there was no increase in the uptake of the antibody into the coimmobilised polymer films as expected.

In a more successful approach, covalent attachment of the antibody fragment, Fab',
increased favourable orientation of the antibody fragment. Attachment of the fragment
was achieved through a carbodiimide linkage to the functionalised polypyrrole
backbone. After electropolymerisation of a pyrrole/3-methyl-4-carboxylie acid pyrrole
polymer, attachment via the carboxyl functional group resulted in an increase in both
correct orientation, and positioning of the fragment on the outside surface of the
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polymer. These improvements in antibody position were responsible for increasing the

loading of antibody at the surface of the film, and hence greater reproducibility bet
films was achieved. The other advantage to the covalent attachment method was
maintenance of the integrity, and properties of both the polymer and biological
component.

Carried out concurrently with these investigations was the development of a suitable
signal generation technique, which was compatible with the polymer-immobilised

antibody. The investigations were primarily directed towards the detection of a direct

signal from the sensor. Analysis of the literature on direct amperometric detection of

microorganisms revealed it has enjoyed little success, due to the lack of sensitivity
has been achieved.

Initially, conventional voltammetry was employed to both characterise the polymer
films, and to observe any changes in signal upon the addition of the targeted antigen
(Listeria).

Upon the addition of high concentrations of Listeria (above lxl 06 mo/ml) to a solutio
containing the polymer modified PPy-aLis film, a second cathodic peak was observed at
-0.6V on the reverse scan. Experiments confirmed that this peak was the result of the
binding of the antigen to the polymer-entrapped antibody. This interaction was only
observed however, using a polymer modified platinum disc electrode. When the
electrode substrate was changed, the second cathodic peak was not observed. It was
suggested that this was due to a lack of polymer reproducibility.
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No direct detection was observed with the co-immobilised PPy-aLis-DS film. This lack
of signal, combined with the lack of response reported using ELISA, suggested that
polyelectrolyte uptake was favoured during polymerisation.

Films prepared using the covalent attachment method of immobilisation did provide a
direct signal. The signal was the appearance of a second prominent reduction peak

observed at -0.6V, appearing after the addition of the Listeria. The limit of detection
determined from the experiments was lxlO5 mo/ml Listeria.

As an alternative, resistance measurements were trialed in both stationary and flow cel
configurations. Polymer modified interdigitated arrays were used in experiments
utilising the four-point probe method for resistance measurements. The lack of
sensitivity this method was capable of compared to the previous methods investigated,
limited its' usefulness. Antibody loading on the small array was one possible
explanation for the lack of sensitivity observed.

In a separate approach, the mediated voltammetric detection of Listeria was attempted.
Using a bare glassy carbon electrode and various mediators, the response upon the
addition of the Listeria was monitored. Ferricyanide, Uniblue, Anthraquinone-2-

sulfonic acid, Anthraquinone-2,6-disulfonic acid and Toluidine Blue were trialed. It wa
found that some changes were observed at high levels of Listeria (>107 mo/ml), with
106 mo/ml Listeria being detected using Toluidine Blue. These changes in potential
were also observed for E-coli and Salmonella, where differing redox potential were
observed for different microorganisms.

Coupling the optimal immobilisation component (covalent attachment) with this signal
generation mechanism resulted in detection levels as low as lxlO5 mo/ml Listeria.
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Additions of other microorganisms to the PPy-pTS-PMCPyFab' polymer resulted in no
interactions being observed.

Investigations using a water soluble conducting polymer (poly-methoxyaniline

sulfonate) have shown that this polymer can be used to successfully mediate the trans

of electrons from a microorganism to an electrode substrate. The change in current, a
potential of +0.8V, observed after the addition of the Listeria, showed a linear
relationship in clean samples, between peak current and concentration. The limit of
detection using this direct voltammetric technique was determined to be between 10
and 102 mo/ml with a detection time in the order of a few minutes.

This interaction between the water soluble polymer and the Listeria was confirmed

using UV-vis spectroscopy, and shown to be unique, as the use of another water solubl
conducting polymer (3-butanesulfonate polypyrrole) did not replicate these results.

The application of this technique to a real sample such as milk resulted in a decreas
sensitivity and stability of the PMAS response.

These findings are significant in showing that this technique has a high sensitivity
short detection time, which in the past are two variables that have been shown to be

incompatible. There is scope to learn a lot more about the interaction of the PMAS an
the microorganism including, the mechanism of detection, whether the PMAS needs to
be in solution or whether it can be immobilised on an electrode surface, whether the
whole polymer is needed or a certain fraction shows a better response, whether the
technique is applicable to combinations of live and dead cells, and whether it is
applicable to real samples.

